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COMMISSION ON SNOW 
AND ICE INTERNATIONAL ASSOCIATION 
OF HYDROLOGY U.G.G.I. 
ELEVENTH CONGRESS, TORONTO 1957 


REPORT OF PROCEEDINGS 


Firsr SESSION, 6TH SEPTEMBER, 09,00 


Vice-President, Professor R. Finsterwalder in the chair and 45 members 
present. 


1. The chairman prefaced his remarks with an expression of regret at the 
absence through ill health of the commission’s president, Professor R. Haefeli and 
proposed that greetings and wishes for a speedy recovery be sent to him. This was 
heartily endorsed by the meeting. 


2. Further sad news—the chairman said—was the very recent death of Dr. 
Harald Sverdrup, one of our best known and most active workers,a nd a world-wide 
authority on sea ice and related subjects. 


3. The chairman apologised for the lack of a presidential address, but said that 
he had been busy both in Greenland and in the Alps during the period before the 
congress when it was known that Professor Haefeli was too ill to attend. 


4. The secretary (Mr. Baird) read extracts from recent reports from several 
countries on their glaciological activities in connection with the I.G.Y. Professor 
Finsterwalder added news on German activities and Dr. H. Bader drew attention 
to the recent loss of two glaciologists working for the I.G.Y. programme on the 
Greenland ice cap. 


5. A report on progress towards the International Greenland Glaciological 
Expedition (E.G.I.G.) prepared by Vice-President A. Bauer was read by Dr. de 
Quervain. This report appears below. 

Dr. de Quervain added some information on glaciological work accomplished 
in central Greenland and Dr. B. Brockamp spoke on the seismic part of the programme. 
The difficulties of the geoditec profile measurement across the ice cap were mentioned 
by the the chairman and Dr. T.J. Blachut spoke on recent refinements in radio- 
altimetry and its possible application to Greenland where the isobaric levels might 
be very uniform. 


6. Professor G. Manley read his paper — 

Studies of the frequency of snow fall in Great Britain 1868-1956 

Dr. H.H. Lamb in commenting remarked that the correlation between English 
and Alpine snow fall appeared good, but between England and Iceland — poor. 
Professor Manley maintained however, that spring snows in England were related 
to arctic air outflow and could be tied to Icelandic conditions. 


7. Dr. A. Bilello read his paper — 
A survey of Arctic snow cover properties as related to climatic conditions. 


8. Mr. J.G. Potter read his paper — 
Mean duration and accumulation of snow cover in Canada. 


SECOND SESSION, 6 SEPTEMBER, 14.00 
Professor G. Manley in the chair and 50 members present. 


1. Professor J. Tuzo Wilson (Vice President of the Union) spoke on the new 
Glacial Map of Canada which is in preparation. Later the manuscript map was 
displayed and its symbols explained by Mrs. G. Falconer. 


2. Dr. L.W. Gold read his paper — 

Some obseryations on the influence of the snow cover on heat flow from the ground 
in the Ottawa area 

Contributors to the following discussion were Thornwaite, de Quervain, Higashi, 
Manley and Hamilton. The first named stressed the importance of measuring evapo- 
ration from the snow surface which Dr. Gold said was now under way, the latter 
mentioned new experiments at the California Forest Experimental Station on the 
heat flow and evaporation in forest and open spaces. 


3. Dr. A. Higashi read his paper — 

Snow survey in Hokkaido 

In reply to a question he stated that the power for the radio transmitting the snow 
depth from radio-active tracer material came from dry cells buried well below 
ground (and snow) level. 

4. Dr. J.A. Bender read his paper — 

Air permeability of snow 

In the discussion Dr. Bader said that from his experience after a density of 
.50 to .55 is reached in snow packing, grain crushing tends to take place. 

5. Mr. J.A.S. Milne read his paper — 

Snow Survey by the Ontario Hydro 


THIRD SESSION, 7 SEPTEMBER 09.00 


Dr. H. Bader (United States) in the chair and 35 members present. 


1. Extracts from the following papers were read by Dr. Higashi — 
C. Kojima Recent studies on the mechanism of snow meltingin Japan 
M. Shoda Study of snow-accretion on wires 


2. Dr. de Quervain read the paper by Professor P.L. Mercanton, — 

Les cinquante ans d’observations a I’ Eismeer par le nivoméetre. 

3. Dr. G.P. Williams read his paper — 

The variability of the physical characteristics of snow cover across Canada 
4. Dr. de Quervain read his paper — 

Pressure and temperature gradients in snow 


5. The secretary read extracts from the paper by V.V. Rakhmanoy (U.S.S.R.) 


Influence of forests on accumulation and thawing of snow in dependence on 
meteorological conditions 


6. Dr. Bader in the time remaining in this session gave some interesting details 
on recent S.I.P.R.E. work in north-west Greenland. He described the two deep holes 
drilled at 2260 m. altitude, 200 miles east of Thule, the second ot which has reached 
435 m. in depth and from which good core recovery has been made thus retrieving 
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ice estimated at 800 years o d. Lower core samples however, the bubbles in which 
reach 22 atmospheres’ pressure, are much cracked by the pressure release and he 
believes that this is a limit of useful core recovery depth. Temperatures range from 
—24.6° at 20 m. depth to —25.5° ‘at 300 m. 

The design of the drill bit and the precooling of the compressed air were also 
described. The layer of Katmai eruption ash (1912) is traceable and in counting 
annual layers considerable use is being made of the 0!6/0!8 isotope ratio. 


FOURTH SESSION, 9 SEPTEMBER 09.000 
Dr. M. de Quervain in the chair and 35 members present. 


1. Professor Finsterwalder read the paper by Dr. O. Schimpp — 

The economy of the Hintereisferner in the years 1952/53, 1953/54. 

Dr. Bader commented that the velocity of the wave of maximum velocity recor- 
ded (20 km/year) seemed to be the same as that of Alaskan glaciers after the Yakutat 
earthquake and felt it was important that work should be done on this phenomenon. 


2. Professor L. Gherardelli read the paper by Professor M. Vanni — 
L’activité du comité glaciologique et les variations des glaciers italiens en 1956, 


3. Mr. D.C. Pearce read his paper — 
Ground temperature studies 


4. Professor Finsterwalder read the paper by W. Hofmann — 
The advance of the Nisqually glacier between 1952 and 1956 


5. Mr. A. Johnson read his paper — 
Investigations on Grinnel and Sperry glaciers, Montana 


6. Dr. G.A. Avsiuk read his paper — 

Glaciological investigations in the Soviet Union 

In answer to enquiries Dr. Avsiuk said that drilling was being done in the 
Antarctic with a 6 inch core drill using compressed air—that 200 metres depth had 
been achieved at Pionerskaya, and that bedrock had been reached at 90 m. at Mirny. 

7. Professor A. Marussi gave an extract from the two papers by Professor 
A. Desio — 

a. The Kutiah glacier and its advance in 1953 

b. Glaciological researches on the Italian Karakorum expedition 1953/55 

and showed maps prepared by the expedition of K, and neighbouring glaciers, 

8. Mr. R. Carter read the paper by E.P. Collier — r 

Glacier variation and trends in run-off in the Canadian Cordillera 

9. The Secretary announced that Professor P.L. Mercanton had once more 
completed and submitted his Report on the variations of European glaciers 1954/57 
and that this would be published in the proceedings. 


FrrtH Session, 10TH SEPTEMBER, 09.00 

Professor R. Finsterwalder in the chair and 27 members present. 

1. This session being, in part, the business session of the.commission, the 
proceedings began with the selection of officers for the coming triennium 1957-60. 


Dr, de Quervain, who had been appointed to the nominating committee of the 


di 


association, said that after consultation with various members of the commission 
he had arrived at the following suggestions: — 


President Professor R. Finsterwalder (Germany) 
Vice-presidents Professor A Bauer (France) 
Dr. U. Nakaya (Japan) 
Secretary Mr. P.D. Baird, continuing. 
Those nominations were endorsed by the meeting and transmitted to the 
association. 
2. The Secretary made an announcement concerning the French translation of 
the book by Dr. P.A. Shumskiy, U.S.S.R. 
«Principes de la connaissance structurale de la Glace» available from Centre 
d’Etudes et de documentation paléontologiques, 3 Place Valhubert, Paris V®. 


3. A discussion followed on whether the commission should have set questions 
for papers to be presented at the next congress, or whether the existing practice of 
accepting any snow and ice topic should be continued. The difficulties of rejecting 
any paper submitted, particularly from countries which did not possess any powerful 
national committee, were stressed. The meeting tentatively approved the suggestion 
that a small editorial committee should be appointed at the beginning of the next 
congress period to decide if any papers submitted were not worthy of publication 
by the association. But the feeling of the meeting also was that no set questions 
should be posed. 


4. It was proposed that attempts should be made, subject to Union approval, 
to organise a symposium on «The physics of glacier movement» to be held in 
September 1958 at a suitable locality with good access to glaciers, either at Obergurgl 
(Austria), Chamonix (France) or elsewhere. 


5. It was resolved that messages of greeting should be sent to the Honorary 
Presidents of the Commission, Drs. J.E. Church and P.L. Mercanton. 


6. Further information on the I.G.Y. programme was provided to the meeting 
by Professor Manley and others. The World Data Centres for Glaciology would be:— 
1. The American Geographical Society, Broadway & 156 Street, New York 
City. 
2. Instituta Gidrometeorologichiskiy, Moscow. 
3. British Glaciological Society c/o Scott Polar Research Institute, Cambridge, 
England. 
Each data centre is to produce and circulate a catalogue of its unduplicated 
material, e.g. photographs. 


7. Dr. de Quervain reported on the International Snow Classification. He said 
that in 1956 he had met with representatives of W.M.Q. to discuss final changes in 
the latter’s «Cloud Atlas». There were still some small differences between our sym- 
bols and those of W.M.O., as shown in the mineographed sheet (which was distri- 
buted) but there were more serious differences in definitions. A small working group 
consisting of himself, Dr. Higashi, Mr. Klein and Dr. Diamond were asked to look 
into these differences. 


8. Dr. de Quervain then gave his paper — 
Suggestions for an avalanche classification 


9. Miss M. Dunbar read her paper — 

Curious open water features in the ice at the head of Cambridge Fiord. 

The meeting was at a loss to explain this interesting phenomenon of a late 
appearing circular hole. Dr. Landauer suggested tentatively that it might be from 
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a local salt deposit—this, or volcanic activity, would be proved only by a visit to 
the locality. 


10. Professor Finsterwalder read his paper — 

The scope, state, and development of precise glacier surveys 

In reply to a question by Dr. Bader on the amount of work involved in a photo- 
grammetric examination of a medium sized glacier the speaker said that Hofmann 
had taken a week to do his survey of the Nisqually glacier. 

In connection with the difficulty of height contouring from aerial photographs 
on a uniform white snow surface, Dr. de Quervain mentioned coal dust being used 
in Switzerland and Dr. Meier drew attention to: the Logetonic process (on exhibit 
at the Congress) which uses variable light scanning to produce very superior and 
detail-showing prints particularly of snow covered glacial areas. 


11. Dr. Higashi gave a short abstract of the paper by Prof. Yoshida 
Physical studies in Japan on the mechanical properties of deposited snow. 


SIXTH SESSION, 10TH SEPTEMBER 14.00 
Dr. M. Meier in the Chair and 40 members present. 


1. Dr. S. Orvig read the paper by J.D. Ives — 
Glaciation of the Torhgat mountains, Labrador 


2. Dr. J. Glen read the paper by J.F. Nye, W.H. Ward and himself — 

Glaciological studies on Austerdalsbreen, 1955-57 

In reply to a question by Dr. Bader the speaker hoped that the difference in 
velocity (summer/winter) of the icefall would be known at the close of the present 
season’s work. 


3. Dr. J.A. Jacobs gave extracts from the two papers by himself and Dr. R.R- 
Docll and by Dr. W.H. Mathews on the work on the 

Salmon Glacier in British Columbia. 

The meeting was astounded by the number of deep bore holes achieved in this 
glacier and the intensity of the seismic soundings. 


4. The meeting was adjourned at this point owing to the advancing of the time 
for Lady Eaton’s reception. 


SEVENTH SESSION, 11 SEPTEMBER, 14.00 


The President-elect, Professor Finsterwalder, in the Chair and 30 members 
present. 


1. Dr. M.M. Miller read his paper — 

Phenomena associated with the deformation of a glacier bore hole 

Several members contributed to the discussion after this paper, including Dr. 
Brockamp who asserted that from the Koch-Wegener investigations on the Stor- 
strommen (temp. —14°C) where motion was of the order of 1700 m./year, sliding 
on the bed seemed to make up 95% of the motion. 


2. Dr. M. Diamond read the paper by himself and R.W. Gerdel — 
Radiation measurements on the Greenland Ice Cap 


3. Dr. A. Epstein kindly gave some details on the glaciological application 
of 016/018 analysis. The ratio of these isotopes in snow is dependant on the temperature 
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of original condensation hence a clear difference shows between winter and summer 
snowfall, the sensitivity being 250 times the experimental error. 

In answer to questions he explained that a 10 mg sample is sufficient, that 30 
samples can be analyzed in 24 hours by mass spectrometer, but the process is costly. 
It was pointed out that on the Greenland ice cap mixing between summer and winter 
snow was rare—only the latest fall was involved in blizzard drift. 


4. Dr. J.K. Landauer read his paper 
On the deformations of excavations in the Greenland névé 


5. Dr. de Quervain read the paper by President Haefeli 
Mesures des pressions et de déformations dans des galeries de glace. 


6. Dr. M.F. Meier read his paper — 

The mechanics of crevasse formation 

In the discussion which followed it was agreed by all present that 40 m. still 
seemed to be the maximum crevasse depth observed. 


7 Dr. B. Brockamp read his paper — 
Recapitulation measurements of seismic reflections on the Pasterze glacier. 


8. Dr. G.P. Rigsby read his paper — 

He also contributed a brief note on the Karakoram radiation and heat budget 
by Dr. N. Untersteiner who is at present with the American Polar drifting station. 

This drew the comment from Dr. Diamond that there seems further confir- 
mation on the slight amount of evaporation on snow fields —from slight in low lati- 
tude mountains to negligible in Greenland and Antarctica. 


9. Professor Finsterwalder read the paper by O. Pillewizer — 

New knowledge about the block movement of glaciers 

He also contributed a summary on a paper by Fortsch and Vidal on seismic 
measurements in the eastern Alps. 


10. After further brief discussion on the proposed symposium on the «Physics 
of glacier movement» the meeting closed with a vote of thanks to the Chairman, 
President-elect Professor Finsterwalder, given by Professor Manley. 


P.D. Baird, King’s College, Aberdeen. 
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GLACIAL MAP OF CANADA 


G. FALKONER, W.H. MATTHEWS, V.K. PREST anp J.T. WILSON 


A map showing the extent of existing glaciers and the chief features of the 
glacial geology of Canada has been compiled. The map is to be printed in several 
colours on a scale of 60 miles to one inch, which is the scale used for existing 
geological and tectonic maps. 

The map has been compiled from many sources of information, including 
reports and maps by the Geological Survey of Canada and provincial departments 
of mines, published and unpublished reports from universities and companies, maps 
made by several groups who have examined the air photographs of all the Canadian 
Shield and some other parts of Canada (over two million square miles in all) and 
special studies recently made of the Cordilleran Glaciation. 

The glacial map displays the patterns of ice flow features, the principle eskers, 
the disposition of moraines, and the location of some important meltwater channels. 
The boundaries of the unglaciated regions of western Canada are shown. The ice 
flow features and eskers form a «complex» of sub-parallel, divergent and convergent 
ice movement trends that head in linear zones called ice-divides. The boundary is 
marked between the two complex ice sheets which cover the Cordillera and most 
of the rest of Canada respectively. Tills of two ages are distinguished in Southern 
Ontario. 

The extent of major glacial lakes and of marine overlap is shown, and some 
of the better formed raised beaches are indicated. 

The examination of air photographs and the compilation have been chiefly 
supported by the Defence Research Board of Canada and the Geological Survey 
of Canada. The map is being published by the Geological Association of Canada. 
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INFLUENCE OF SNOW COVER ON HEAT FLOW 
FROM THE GROUND 


. 


Some Observations made in the Ottawa Area 


L. W. GOLD 


ABSTRACT 


A continuous record was kept at Ottawa, Ontario, of the heat flow from the 
ground into the snow-cover and temperatures in the ground, snow and air during the 
two winters 1955-56 and 1956-57. A correlation was found between the difference 
in the mean air temperature and the temperature 5 centimeters under the ground, 
the snow depth and the heat flux. Values were obtained for the effective thermal 
resistance of the snow cover under field conditions. 


The earth, acting as a huge heat engine, stores thermal energy in its mantle 
during the summer months and loses this heat during the winter months. This 
dynamic process, which is still not completely understood, is determined by a combi- 
nation of many factors such as geographic location, geomorphic influences and the 
vagaries of the climate. The result of this process is that the ground undergoes cyclic 
changes in temperature, the period and amplitude of which depend on the time of 
year, the weather, the properties of the ground, and the depth below the surface 
at which the temperature is being measured. 

The combination of ground temperature and climate plays a very important 
role with regard to human activities such as agriculture, forestry and in determining 
the flora and fauna environment in which we live. Because of the importance of 
temperature and the relative ease of measuring this property, most investigators, 
particularly those concerned with the influence of the snow cover, have emphasized 
this aspect. The Snow. Ice & Permafrost Bibliography (*) has listed well over one 
hundred abstracts of papers dealing with this subject. From temperature measure- 
ments, conclusions can be drawn with regard to the apparent thermal conductivity 
of snow and soil, but as has been pointed out by de Quervain (7) and Yosida (*) for 
snow, and Kersten (*) for soil, since the thermal conductivity is so sensitive to the 
physical state of the material, it is very difficult to measure reliably and cannot be 
expected to stay constant over even short periods of time. 

Although it is the temperature level which is most important with regard to 
human activity and plant and animal life, measurements must be made on the net 
energy flow out of or into the ground to gain an understanding of how this temperature 
level is established, particularly in the light of a possible contribution from liquid 
or vapour movement. To measure the various components of this energy flow at the 
ground surface through the year is a challenge facing climatologists and others at 
the present time (°). 

During the winters of 1955-56 and 1956-57 the heat flow from the ground into 
the snow cover and temperatures in the ground, in the snow, and in the air were 
measured at Ottawa (latitude 45°24’ N., longitude 75°43’ W.). These observations 
are reported here along with correlations that were observed between the heat flow, 
the air and ground temperatures, and the snow depth. 
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APPARATUS 


To measure the heat flow, Gier and Dunkle heat meters, 10 by 10 by 0.1 cm, 
were coated with wax, encased between two layers of moist clay and buried parallel 
to the surface about 5 cm under the natural grass cover in an open fleld. Since the 
ground in the Ottawa area normally freezes well below this depth, it was thought 
that energy transfer by liquid water or vapour movement would be negligible and 
that all the energy transfer would be by normal heat conduction at the 5-cm level, 
during the winter months. The three heat meters used were located in an area about 1 
meter in radius. Adjacent to the heat meter installation, thermocouples were 
supported at various levels up to one metre above the ground surface on nylon cord 
stretched between wooden posts placed about one metre apart. The thermocouples 
were made from No. 28 copper and constantan wire, coated with a white porcelain 
cement to protect them from the weather and mounted unshielded from radiation. 
During 1955-56, a temporary thermocouple installation was placed in the ground 
to measure temperatures down to the 30-cm level. A permanent installation which 
measured temperatures down to 90 cm was made in 1956 directly below the thermo- 
couples above the ground surface. 

The output from the heat meters and the thermocouples were recorded on a 
Twenty Point Leeds and Northrup recorder located in an instrument tunnel about 
200 ft from the observation area. Continuous records were kept during both winters 
of the snow depth and average snow density. 


DIscussION OF DATA 


Recorded values of the heat flow were taken from the charts once every two 
hours and replotted against time. Using a planimeter to find the area under the heat 
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flow curves, the total output for each day was found for each heat meter. The mean 
of the heat meter outputs was taken as the heat flow from the ground to the air or 
snow cover for each day. A cumulative total of the daily heat flows was then taken, 
starting from the day on which observations began. This is plotted in Fig. 1. The 
recorded snow depth and mean snow density are also given. 

From 15 to 20 cm above the snow surface to the highest elevation at which the 
air temperature was measured, the air was generally almost isothermal. The mean 
value obtained every two hours for this temperature was plotted, and a curve drawn 
by eye to obtain the daily mean air temperature shown in Fig. 2. A curve was drawn 


S ae GROUND T EMPERATURE ATS cm LEVE eet ace 
: LL koa 

= MLA AA NM 
pale (HAs ein a Pd 
a 

fe |_| 

re MEAN AIR TEMPERATURE 

rs) 

2 

w 

a 

=I 

er 

<= 

ax 

uJ 

a 

= 

Ww 

| 
° $20 
6 

2 40 
xrw 
a = 60 
2 8 g0 

- 10 20 30 10 20 28 10 20 3! 10 20 
~ NOV FEB MAR APR 
TIME 
Fig. 2 — Ground and air temperatures plotted against time. 


by eye through the two-hourly values for the temperature 5 cm under the ground 
and this along with the depth in the ground of the O°C isotherm are also shown 
in Fig. 2. 

From Fig. 1 it is seen that the rate of heat flow, which is given by the slope of 
the accumulated heat flow curve, is almost constant over extended periods of time. 
Table 1 gives the average rate of heat flow for various periods as calculated from the 
slope of the dashed lines. 

The weather during the winter in the Ottawa area is quite variable and this is 
reflected in the snow depth curves. For the 1955-56 season there was an accumu- 
lation of snow before 15 January which largely disappeared at this date. After the 
end of January, the bulk of the winter snow fell and remained until the end of March. 
In contrast, the initial snow accumulation for 1956-57 almost disappeared after 
January 20 and very little accumulated after that. These long period variations in 
snow depth have an effect on the rate of heat flow. The very marked decrease in 
rate after 15 January 1956 coincides with the major snow accumulation for that year. 
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The rate of heat flow after 15 January 1957, when there was little snow cover, was 
not much different from the rate before 15 January. The dips in the heat flow curves 
at 12 January 1956 and 22 January 1957, coincide with the warm periods responsible 
for the January thaws. When the cold weather returns the rate of heat flow over a 
short period is very high, consistent with the shallow cover and the rapid removal 
of the heat stered in the top layers of the ground during the thaw. 

The influence of the mean air temperature on the rate of heat flow is not so 
obvious although its effect on the ground temperature at the S-cm level is quite 
marked particularly when the snow cover is shallow. After 15 January 1956, the 
temperature at the 5-cm level was not so sensitive to the air temperature and 
slowly rose to a constant value just below 0°C. During the winter of 1954-55 the 
depth of snow cover at Ottawa was about 50 cm and was continuous from the end 
of December until March. Observations taken indicated that in many places there 
was no penetration of the frost into the ground. 

The effect of the snow cover on the depth of frost penetration is also shown 
in Figs. 1 and 2. It is interesting to note that although the rate of heat flow was 
almost constant over the winter of 1956-57, the 0°C isotherm remained stationary 
at about the 15-cm level for over a month and then rapidly penetiated to over 60 cm. 
This can be explained by a large heat flow from the ground below 15 cm before 10 
January which rapidly drops off, or by the formation of ice lenses in the soil at the 
15-cm level during the stationary period. Calculations on the thermal conductivity 
of the soil and observations on the soil moisture content which show a very sharp 
increase above the 20-cm level indicate the probability of the latter explanation. 

Although more heat was extracted from the ground during 1956-57 than 1955-56 
over the period 11 December to 11 March, by 3 April the net outflow of heat was 
almost the same, since the ground began to warm up almost three weeks earlier in 
1957 than in 1956. After 20 March 1957, the ground thawed as rapidly from below 
as from above, a phenomenon which has been reported in the literature (°). 


CORRELATION OF HEAT FLOW, TEMPERATURES AND SNOW~ DEPTH 


In considering the heat flow from the ground over long periods, the main factors 
to be considered should be some measure of the mean air temperature and the thermal 
resistance offered by the snow. The behaviour of a thermal system such as the ground 
is such that the more quickly the temperature at the surface changes, the more quickly 
is this change damped out with depth below the surface. Therefore, such short period 
influences as wind, and radiation, though important in determining the rate of heat 
transfer from a surface are likely of secondary importance, compared to the much 
slower changing mean air temperature in determining temperature levels at depth. 
Indeed, the mean air temperature is dependent on such factors as wind and radiation 
and to a certain extent a measure of their long term averages. 

It was assumed as a hypothesis that the rate of heat flow from the ground was 
directly proportional to the difference between the mean air temperature and the 
ground temperature at the 5-cm level, taken from the records every two hours, and 
inversely proportional to the snow depth. An equation similar to the heat flow equation 
is thus obtained: 


Q== (i) 


where Q is the rate of heat flow cal/cm2hr; 


AT is the difference between the mean air temperature and the ground tempe- 
rature at the 5 cm. level in °C; 
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XxX = Xs + 2.5in cm, 
where Xs is the snow depth and 2.5 is the depth attributed to the soil, 
assuming that the ground has approximately half the insulating 
value of snow; and 


K is the thermal conductivity of the ground-snow-air combination 
cal/cm®Chr. 


From the temperature plot, the time integral for AT over daily periods was 
obtained graphically. These daily values were than divided by the adjusted average 
snow depth for the day and the cumulative sum made, i.e., 


ATadt [ ATdt 
day and ~ day 
x 


The accumulated daily heat flows were then plotted against the corresponding accu- 
mulated temperature sums as snown in Fig. 3. The dates corresponding to some of 
the cumulative totals are noted on the curves for each year. 

Figure 3 shows that the hypothesis-regarding heat flow, temperature difference, 
and snow depth is reasonably justified over extended periods of time. The greatest 
variability occurred in the 1956-57 data after the thaw in January when the snow cover 
was very shallow. 

The variability in the 1956-57 data shows that the relationship given by equation 
(1) is not complete for short-period correlations. The variations in K over short 
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Fig. 3 — Dependence of heat flow from the ground on mean air temperature, 
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TABLE 1 
Rate of heat flow from the ground 


Year Period Average Rate 
Heat Flow 
1955-56 Dec. 100i Jann 26 27 ~—cal/cm?day 
1955-56 Jan...26°—— April 13 5.7 cal/cm® day 
1956-57 Nov. 5 — Jan. 4 25.6 cal/cm? day 
1956-57 Janae 4e—= arch), 17.9 cal/cm? day 


periods is probably related to the ability of the snow cover to absorb or give up heat 
energy, particularly through thawing, freezing, and evaporation, during extreme 
changes in air temperature. The lag that exists between changes in air temperature 
and changes in the heat flow from the ground would also have an effect. Table 2 
gives values of K obtained from Fig. 3 for the time periods indicated. 

It is seen in Fig. 3 that during periods when the mean air temperature goes 
above 0°C, K is greatly increased. One possible reason for this is that, because of 
the snow cover, the maximum temperature of the ground surface is0°C and, therefore, 
the temperature at this boundary is fixed. The heat from the ground does not pass 
on to the air but is utilized in warming the ground to 0°C and in melting the snow. 
Thus, the snow cover and the frozen ground act as the sink for heat from both the 
air and the ground. In this case, the hypothesis set is no longer valid. As can be 
seen in Fig. 1 and as mentioned earlier, the thaw period affects the rate of heat flow 
at the time but does not greatly influence the average heat flow over extended periods. 


TABLE 2 
Calculated yalues of K 


Year Period Kean Gale 
em°C hr 
1955-56 Nov. 15 — Jan. 13 1.51 
1955-56 Jan. 13 — March 25 1.21 
1956-57 Nov. 25 — Dec. 25 1.84 
1956-57 Eiec. 29 — Feb. 15 1.40 
Mean 1.48 


PRL 


Although the observations for the two winters support the hypothesis, the 
evidence is still not sufficient to show that the conclusion is generally valid. It is 
possible that K depends on other factors, particularly climatic, and would, therefore, 
vary from region to region. From thermal conductivity measurements on snow, K, 
would be expected to depend on the average snow density, although this dependence 
is not apparent in the Ottawa observations. Better correlation between heat flow 
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) 

fas 

° 
e 


RATE OF HEAT FLOW (Cal/cm SEC 


MEAN SNOW DENSITY ©0-25 gm/cm 


THERMAL CONDUCTIVILY 
i #4-4x10 ‘col/cm °C SEC 
oO O°l 0-2 OS 0-4 a5 
TEMPERATURE GRADIENT (°C /cm) 
Fig. 46 — Rate of heat flow plotted against temperature gradient in lower 10cm 


of snow cover (Feb. 16-Feb. 25). 


and air temperature may be obtained by using some other measure of the ability 
of the air to accept or give energy to the ground. 


THERMAL CONDUCTIVITY OF SNOW AND SOIL 


To check the outputs of the heat meters, calculations were made on the thermal 
conductivity of the snow from the observations of the 1955-56 winter and of the 
soil from the observations of the 1956-57 winter. Observations on the snow 0 to 10 
cm from the ground surface during periods when the heat flow was fairly constant 
were used for the calculations. The temperature gradient was plotted against the 
heat flow as shown in Figs. 4a and 4d and the best straight line fitted by least squares. 
No attempt was made to correct for the time lag between the heat flow and the 
corresponding temperature gradient, or for the thermal capacity of the material 
between the heat meter and level at which the temperature gradient was measured. 
This probably accounts for much of the scatter of the observations. The measured 
conductivities are compared with, in Table 3, values given by SipreE (”). 


TABLE 3 
Thermal conductivity values for snow 


Mean K Calc. K Given (SIPRE) 
Period Snow Density Cal/cm°C sec 
Jan. 31 — Feb. 13 0.20 3i2 extn Ome 3.5.5 <adOne 
Feb. 16 — Feb. 25 0.25 4 Ae e Oat 4S SS 10m 


The thermal conductivity was calculated for frozen soil to eliminate possible 
contributions by liquid or vapour movement. It was obtained by calculating the 
average temperature gradient in the soil 20 to 40 cm below the ground surface over 
the period 5 January to 24 February and dividing this into the rate of heat flow as 
obtained from Fig. 1. A value of 0.26 « 10—2cal/cm °C sec was obtained. The soil 
was Leda clay with a dry density of approximately 85 Ib/cu ft and a moisture content 
of approximately 30 per cent of the dry density. Kersten obtained a value of 
0.40 x 10-2 cal/cm°C sec for soil with similar properties. 

From the fair agreement obtained between the observed thermal conductivities 
and those reported in the literature, it was concluded that the heat meters were 
giving a reasonable measure of the heat flow from the ground. From observations 
made on the rate of ice growth on a small pond in a quarry close to the observation 
area a figure of 23 cal/em* day was obtained for the rate of cooling. This compares 
favourably with the rates computed from the heat flow measurements and further 
supports the accuracy of the heat meters. The heat meters were calibrated in the 
laboratory using standard hot plate apparatus. 


CONCLUSIONS 


From observations taken in the Ottawa area, it was found that the heat flow 
from the ground depended directly on the difference between the mean air temperature 
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measured with an unshielded thermocouple and the temperature at the ground 
surface and inversely on the depth of the snow cover. A mean value for the conduc- 
tivity of the ground-snow-air combination was calculated to be 1.48 cal/cm°C hr. It is 
not considered at this time that the obtained relationship has general validity. The 
heat flow from the ground in the Ottawa area during the winter is of the order of 
20 cal./cm*day. 
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SNOW SURVEY IN HOKKAIDO, JAPAN 


AKIRA HIGASHI 
Faculty of Science, Hokkaido University, Sapporo. Japan 


ABSTRACTS 


Snow survey works carried out in the Hokkaido area by the Hokkaido University 
group are presented. As a method of snow survey which is suited to natural conditions 
and urgent needs in Japan, the «quantitative method» was proposed by S. Sugaya. 
To avoid the disadvantage of time consuming and laborious survey in this method, 
a practical method was designed for further continuation at the same basin in which 
the quantitative method was once carried out. For the establishment of the practical 
method, the snow survey were carried out for four years by the same method in the 
Chubetsu River Basin. The representativeness of a survey route was proved in 
various conditions from year to year. This method will be applicable for any basin 
in which the main factor determing snow deposit distribution is the altitude. 

The quantitative method was applied to the Lake Shikaribetsu Basin and the 
results were used for practical operation of the hydroelectric power plants system 
which is using the lake as a reservoir. Snow survey works accompanying with more 
precise studies of the precipitation over the basin are still continuing. 

For the efficient use of the water of Lake Shikaribetsu during winter, continuous 
indication of snow deposit in the basin was required. The radioactive snow gauge 
was employed for this purpose, and efforts to put it in practical use have been con- 
tinued for the last few years. Some technical achievements in the construction of the 
gauge are briefly described. 


1. INTRODUCTION 


The importance of the snow survey wqs recognized in Japan after World War II 
ended, when she began to utilize her own natural resources more efficiently than 
before. 

The first snow survey in Japan was carried out by S. Sugaya and his colleagues 
of Hokkaido University at the Chubetsu River Basin in 1948. Since then many snow 
survey programs have been carried out all over the snow deposit area in Japan under 
the auspices of electric power companies and a government comittee on natural 
resources. While these projects have offered very valuable hydrologic data for the 
operation of hydroelectric power plants and for the construction plans of new reser- 
voirs, they have contributed greatly to the development of survey methods themselves 
which are best suited to topographic and meteorological conditions in Japan. 

This paper is a summary of snow survey works carried out in the last few years 
in the Hokkaido area by the group at Hokkaido University. The works are composed 
of three parts, 1) Establishment of practical or simplified quantitative survey methods, 
2) Extension of the practical method to the Lake Shikaribetsu Basin and 3) Practical 
use of the radioactive snow gauge. 


2. ESTABLISHMENT OF PRACTICAL SNOW SURVEY METHODS IN THE CHUBETSU RIVER BASIN 


Previous works 


On the first snow survey in this basin in 1948, Sugaya 4) carried out the «quanti- 
tative method.» This method differs from the «percentage method,» which is widely 
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used for the prediction of thawing season runoff in the western United States. By 
means of this method the total amount of water equivalent to snow deposited over 
the entire basin is quantitatively estimated from many measurements of snow borings 
in the area. Thus, the total runoff in the thawing season is directly predictable without 
any statistical correlation being necessary. 

This method is convenient for cases in which the prediction of runoff is urgently 
needed as in Japan today, because it does not depend on the accumulation of statis- 
tical data for a decade of years. 

Another reason for employing this method is that we can determine the areal 
distribution of snow deposits in the basin which are expected to be affected by many 
factors such as topography, plant cover and meteorological conditions throughout 
winter etc. The nature of the distribution will provide a rational means for setting 
up a practical survey method. 

We cannot neglect the fact that comparatively smaller catchment areas of Japanese 
rivers make it possible to carry out this method. 

A brief descripiton of the so-called quantitative method will be useful for further 
understanding of this paper. 

The procedure employed by Sugaya is as follows. Snow borings by means of 
a snow sampler were carried out at 174 points in the Chubetsu River Basin of about 
256 km? area. Fifty of them were in the open areas in the forests or on the bare 
ground of high altitude, and these are used as standard points. The remaining 124 
were supplementary points to determine the effects of various factors. 

The data from 50 standard points showed very clear linear relationship between 
the water equivalent of snow deposit and the altitude of the point. This means 
that a principal factor which governs the charactor of distribution of snow deposit 
in the basin is altitude, if we disregard the effect of forest cover. 

The actual snow deposit in the forest is less than the one in the open areas at 
the same altitude, and the proportional decrease depends on the degree of forest 
cover and kinds of trees encountered. Precise comparison of snow deposits under 
forest cover and in open areas made it possible to calculate a correction coefficient 
which when multiplied by the open area value would yield the snow deposit value 
in the forest. Actually in the case of broad-leaved trees, we do not need any correction, 
e.g. correction coefficieat is 100°. The correction coefficients for evergreen trees 
for different densities of cover are shown in Table I. 


TABLE I 


Correction coefficient for forest cover of ever-green trees. 


density of cover correction coeff. % 
open area in the forest 100 
thin 90 
medium 80 
thick ; 60 


Now, if the linear relationship between water equivalent of snow H and altitude 
h is given as 


lel sealer Se (6p (1) 
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where a and b are numerical constants, the total amount of water equivalent of snow 
over a certain area is calculated by the following equation 


M = R [ HAdh 


oR ip Ge Biya dh Q) 


In this equation, A is the area of a given range of altitude above and below fh, and 
R is the correction coefficient for the forest cover. 

In nature, A will not ordinarily appear as an analytical function of h. Therefore 
equation (2) should be expressed as a summation: 


M=R & (a + bhj).A; (3) 


The basin is divided into several band areas with contour lines of every 200 m and the 
average altitude of each bands is called 4;, and area of the band between the altitudes 
(h; — 100) m and (/; + 100) m is designated Aj. 

In general the correction coefficient R will vary from point to point in the basin, 
according to the variation in density of forest cover and the ratio of broad-leaved 
to evergreen trees. Through the inspection on enlarged airphotographs of the basin 
which were taken at the same time of the survey, the area was divided into three 
parts in each of which the forest cover condition varied but slightly. This division also 
mainly depended on altitude, because the ratio of broad-leaved to evergreen trees 
and density of forest cover are both altitude dependent. These three were designated 
as high-, middle-, and low altitude forest zones, with some overlapping of altitude 
as will be shown later. 

Besides these three, there are two other zones, namely the zone above the timber 
line and the cultivated flat zone at the foot of the mountain. The total amount of 
water equivalent of snow, Mr, in each zone was calculated by means of eq. (3) and 
the summation for five zones 


Mp Maes Ma Ms Me Me (4) 


gave the total amount over the entire basin. 
By means of the method described above, the total amount of water equivalent 
of snow in the Chubetsu River Basin on April 1 in 1948 was estimated as 1.94 « 108 m3. 
The value was compared with the total runoff of the Chubetsu River in the snow 
melting season. Precipitation during this season made this comparison somewhat 
arbitrary, because of the lack of an appropriate runoff coefficient. However, the 
total runoff in the snow melting season Q is given as follows. 


Q=aM + BP ; (5) 


where M is total amount of snow, P is total precipitation in the season, « is runoff 
coefficient of melted snow water, and B is runoff coefficient of precipitation. 

Total runoff was measured very accurately at a station which was especially 
operated for this project, and gave 2.93 x 108 m® from April to July. The total 
precipitation in this season was estimated by multiplying the area by the precipitation 
in the raingauge which was located at the center of the basin of 1000 m altitude. 
The proof that the precipitation at this point is quite near the mean value of the preci- 
pitation all over the basin was obtained by a study of the precipitation character 
in the basin for 1948?) and the following year®). Estimated total precipitation during 
the season was 1.24 x 108 m?. 

Substituting these numerical values of Q, P and M in eq. (5) and assuming « 
is 100% to simplify the problem, we can see that B equals 80%. This value of IC) 
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seems to be quite reasonable. This means that the total water equivalent of snow 
coincided with the value which is calculated from the total amount of runoff under 
the assumption of « = 100% and 8 = 80%. 

Although the quantitative mrethod gives quite an accurate estimate of snow 
deposition over the entire basin which is useful for direct prediction of runoff, it 
has the disadvantages of being time consuming and requiring great effort to carry 
out a complete survey over the entire area. But, when the general topographic character 
of the snow deposit in the given area is already known from a thorough survey, 
it will be possible to reduce the number of survey points without greatly reducing 
the accuracy of the estimate. 

Sugaya’) has discussed the possibility of a practical method which only requires 
the determination of the relationship between altitude and water equivalent of snow 
deposit in the area and a small number of snow boring points. He suggested taking 
a survey route along the Yukomanbetsu River (a main tributary of the Chubets 
River) This route traverses the middle of the basin and snow borings at various 
altitudes up to the highest region of the area are possible. 

T. Chiba‘) carried out a survey along this route in the spring of 1949. Estimation 
of the total amount of water equivalent of snow over the entire basin in this year 
did not coincide well with the one which was calculated reversely from the runoff 
of the Chubetsu River and the precipitation in the thawing season by eq. (5). 

In spite of this, the discrepancy can probably be attributed to an insufficient 
number of boring points above the timber line zone. It seemed worthwhile trying 
this route again to establish the practical method in this basin. 
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Fig. 1 — General topography of the Chubetsu River Basin. 


25 


Fig. 2 — Weighing of bored snow at the site No. 7. 


Fig. 3 — Snow boring at the site No. 14. 


The snow survey from 1952 to 1954 


After two years interruption, the author and his colleagues *)*®) carried out a 
three year snow survey to establish the practical method. The 25 km long «Yukoman- 
betsu survey route» was chosen. This is the same route followed by Chiba in 1949. 

General topography of the basin and the survey route are shown in Fig. 1, in 
which the numbers beside the points correspond to the site number in Table II. 
Fig. 2 shows the weighing of a snow core in a sampler and the appearance of the 
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forest at site No. 7 (altitude 760 m). Fig. 3 was photographed at site No. 14 with 
the top of Mt. Asahi in the background and site No. 15 is shown by an arrow. 
Results of the survey are tabulated in Table II. 


TABLE II 
Results of snow survey in the Chubetsu River Basin in the spring of 1952 
a ee eh ee ee 


site altitude depthof water equivalent 
zone snow of snow 
No. m cm cm 
i 300 39 15 
; ( 2 350 70 29 
cultivated < 3 430 90 36 
4 440 94 40 
i 5 620 149 Si 
6 700 156 60 
7 760 192 WS 
isa 8 900 225 92 
9 960 199 81 
10 1050 234 93 
11 1200 251 106 
| 12 1330 297 117 
13 1510 241 104 
above timber line 14 1650 210 100 
15 1850 165 57 


The data in Table II is plotted on the graph in Fig. 4. As in Sugaya’s paper?) 
the relationship between altitude and water equivalent of snow deposit displays 
different trends above and below the timber line and these two relationships are 
quite well expressed by linear regression lines. Regression equations obtained by 
the method of least squares are as follows: 


H = —4.7 + 0.0952 h below timber line (6) 
H = 326.7 — 0.1434h above timber line (7) 


In these equations, water equivalent of snow deposit H is expressed in cm, and 
altitude h is in m. 

The standard deviations for these two equations were calculated by means of 
statistical analysis, and they are shown in broken lines in Fig. 4. Broadening of the 
width at both ends of each line means that the precision of estimate is low for values 
remote from the center of altitude range. The standard deviation for eq. (7) is greater 
than that for eq. (6), because fewer points were obtained in the zone above timber 
line. 

Calculation of total water equivalent of snow deposit based on equations (3) 
and (4) is tabulated on Table III. Numerical values of area of each band and correction 
coefficient for each zone were obtained from Sugaya’s results. 
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Fig. 4 — Altitude relationship of the water equivalent of the snow deposit in the 
Chubetsu River Basin in 1952. 
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Fig. 5 —— Altitude relationships of the water equivalent of the snow deposit in the 
Chubetsu River Basin in 1953. 
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TABLE III 
Calculation of water equivalent of snow deposit of each zone and total amount 


——————— 


zone hi + 100 Aj H; WwW R and corrected S 

m km? cm _ 107m? value of M 10*m? 

above 2000 7.1 25 0.18 0.166 

abovethetimber line 2000 — 1800 19.3 54 M22 100% 0.245 

1800 —.1600 32.6 83 Die 0.241 

1600°—. 1400. 21.3. 112 2.39 0.243 

sum 80.8 — 6.51 M 6.51 0.895 

high altitude forest 1600 — 1400 12.7 138 1.76 100% 0.053 

1400 — 1200 10.0 119 1.19 0.030 

sum DIL G| — . 2.95 M 2.95 0.083 

middle altitude forest 1400 — 1200 15.5 119 1.85 0.040 

1200) =) 1060-=31.4 "7-100 > +314 84% 0.061 

1000 — 800 32.1 S05 F257. 0.046 

800 — 600 16.3 62 0.99 0.022 

sum 95.3 8.55 M 7.18 0.169 

low altitude forest 1000; SOO aie 719 ~=0.61 0.011 

800 — 600 12.6 62 0.78 87% 0.018 

600 — 400 22.4 Asma ROL: 0.039 

below 400 0.7 2A 0:02 0.002 

sum 43.4 2.40 M ~ 2.09 0.070 

cultivated hilly part 42 43 0.18 100% 0.039 
flat part 10.1 24 0.24 

sum 14.3 0.42 M 0.42 0.039 

total 256.0 M_ 19.15 1.256 


h; : average altitude of a band 

A; : area of a band which has average altitude hi 
H;: water equivalent of snow at / by eqs. (6) and (7) 
W : water equivalent of snow deposit in a band area 
R_ : correction coefficient 

S_: standard deviation 
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The last column of the table shows the standard deviation for the estimate of 
water equivalent of snow deposit for each band. This is obtained by multiplying the 
standard deviation of H; at the average altitude of a band by the area of that band. 
The standard error for the total value is the sum of these values for each band and 
is shown at the bottom of this column. 

Consequently, the total water equivalent of snow deposit in the Chubetsu River 
Basin at the beginning of April in 1952 was estimated as (19.15 + 1.26) x 10’m*. 

Total runoff of the Chubetsu River from April 5 to June 30 of this year was 
estimated as (25.0 + 1.7) x 10’m*. The standard deviation of this value is due to 
the use of the empirical formula for the estimate of runoff of the river from the 
discharage data of the Eoroshi hydroelectric power plant. 

Measurements of precipitation during the thawing season by means of inte- 
grating rain gauges at several points in the basin made it possible to estimate the 
total precipitation over the entire area in this season. The value of this estimate was 
eer S< NOS ies 

Runoff coefficient for the water of melted snow was assumed 100% in Sugaya’s 
case in 1948. This is true only when we compare the water esquivalent of snow deposit 
with the runoff at the end of the snow thawing season, namely at the end of July 
But in our case in 1952. it was necessary to finish the program at the end of June. 
According to Sugaya’s observation of remaining snow deposit in this basin in the 
thawing season, the ratio of melted snow to the total at the end of June is known 
as 80%. Therefore, to calculate the total water equivalent of snow M from the eq. (5), 
we must take ~ equal to 80%. 

Substituting numerical values obtained above in Q and P and taking a = 80% 
and B = 80%, M is calculated as 18.75 x 10’m3. The water equivalent of snow deposit 
obtained by the snow survey (19.15 + 1.26) x 10%m* coincides with this calculated 
value within the range of standard deviation. Therefore, we can conclude that the 
«Yukomanbetsu survey route» had good representativeness for determination of 
the altitude relationship of snow deposit in the entire basin. 

In 1953 another survey was carried out in this basin in the same manner as in 
1952. Altitude relationships of water equivalent of snow deposit along this route 
are shown in Fig. 5. Inclination of the regression lines is less than those of 1952, and 
accordingly total water equivalent of snow in the entire basin was less than that of 
1952. An estimate of this amount calculated by the method of Table III was 
(14.8 + 1.2) x 107m? 

The water equivalent of snow deposit calculated reversely from the runoff in 
this year was (17.2 + 2.0) x 107m?. Two values above coincide in the range of standard 
error, though the coincidence is not as good as in the preceding year. 

This year, a supplementary survey route was taken on a mountain side which 
leads to Mt. Kawun. Locations of snow boring along this route are shown in black 
dots in Fig. 1. The water equivalent vs. altitude relation at each point is also shown 
in black dots in Fig. 5. They all fit fairly well to the regression lines of the Yukomanbetsu 
survey route. This fact seems to be a further proof of the representativemeness of the 
Yukomanbetsu survey route for the entire basin. 

In 1954, the final snow furvey was carried out. But changes on river bed condi- 
tions near the intake of Eoroshi hydroelectric plant due to a flood in the preceding 
year made it difficult to apply the equation for estimating runoff used before. For 
this reason definite results are not yet avairable from the data of this year. 


Discussion 


The practical snow survey method is now established after four years of careful 
testing in the Chubetsu River Basin. Choice of Yukomanbetsu toute proved suitable 
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for a determination of the altitude relationship of water equivalent of snow deposit 
for the entire basin. Good representativeness of this route can be attributed to the 
fact that it is parallel to the main direction of valleys in the basin and it has a gently 
increasing slope with no abrupt changes. 

It will be interesting to compare the results of four years’ snow survey. A compari- 
son of total amounts of equivalent of snow deposit M, precipitation in the thawing 
season P and runoff Q is given in Table IV. 

Special attention should be called to the difference of M in 1952 and 1953. 
In these two years preliminary surveys were carried out at the beginning of February. 
At that time, snow layers were marked by means of a dye scattered over the snow 
surface. 

TABLE IV 


Comparison of the results of snow survey by the practical mathod 


M 107 m3 
year OO iP Q surveyor 
measured calculated 107 m® 107 m? 
1949 14.8 11.6 11.0 20.8 Chiba 
1952 19.2 18.8 12.5 25.0 Higashi 
1953 14.8 172 11.1 2305 Higuchi 
1954 18.2 “= — — Itagaki 


These marks made it possible to distinguish the snowfall before and after that time. 
Fig. 6 shows the altitude relationships of water equivalent of snowfall before and 
after the 1 st of February in each year. White dots are for 1952 and the black ones are 
for 1953. We can see that the amount of snowfall after Feb. 1 is almost the same for 
each year, while the amount before Feb. 1 is varies greatly. Such differences were 
observed 
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widely all over western part of Hokkaido, where the snowfall in winter is mainly 
brought by the approach of depression from the Japan Sea. As the Chubetsu River 
flows toward west, it is quite possible that the tendency of snow deposit in this basin 
coincides with that of western Hokkaido and its magnitude is governed by the snowfall 
before Feb., during which time the effect of depression from the Japan Sea on the 


snowfall predominates. 


3. THE SNOW SURVEY IN THE LAKE SHIKARIBETSU BASIN 


General comments 


Lake Shikaribetsu has been used as a reservoir for the Shikaribetsu hydroelectric 
system of power plants which was constructed in 1953. As this system is to be operated 
only to make up for the decline in water power for other hydroelectric systems in 
Hokkaido during winter months, the surface level of the lake falls remarkably during 
this season. This level must be brought back to the normal by the runoff into the 
lake before the summer sightseeing season. 

Therefore, the amount of water available for use in winter or the maximum 
water level lowering depends on how much runoff can be expected during the time 
between the halting power plant operation and the time limit of recovery. The runoff 
in this period consists of two parts, namely the water of melted snow deposit in the 
basin surrounding the lake and the water from precipitation. 

The first part is known at the beginning of the snow melting season, when we 
estimate the total water equivalent of snow deposit in the entire basin by a snow 
survey. The second part requires a forecast of precipitation during a lengthy period, 
which is still a very difficult meteorological problem. For that reason, ideal operation 
of the system should be based on the minimum expected snow deposit and precipi- 
tation in the thawing season. 

The snow survey program which has been carried under a contract of Hokkaido 
Electric Power Company Ltd. since 1954 aims to ascertain the contribution of melted 
snow to the runoff and to determine of its variation from year to year. Accordingly. 
it was proposed to extend the program for several years. 

Besides our interest in applying the snow survey method for such a practical 
purpose, there is another reason which motivates us to carry out this program. The 
fact that this basin has only 44.8 km? area which makes it easy to evaluate total 
water equivalent of snow deposit and precipitations with considerable accuracy. 
On the other hand, the Tomabetsu River which was a water outlet before is completely 
dammed up and has been replaced by the pressure tunnel to the power plants. This 
makes it possible to estimate the runoff very acculately, provided the water level of 
the lake and the discharge through the tunnel are known. These are very favorable 
conditions for a study of the precipitation—runoff relationship in the snow deposit 
area which will be one of the most interesting subject in hydrology. 


The snow survey in 1954 


The first snow survey’) in this basin was carried out at the end of March 1954. 
The quantitative method was employed in this year to determine the character of 
snow deposit distribution in the basin. General basin topography and the locations 
of the snow borings (white circle) are shown in Fig. 7. 

Borings were located in such a way as to cover various altitudes and areal 
distributions in the basin. In such a «soup - dish» shaped basin, it is quite possible 
to encounter areal differences of snow deposit corresponding to the main direction 
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of seasonal wind. These points were selected at open areas in the forest, though it 
was sometimes difficult to find a favorable location. A density of boring points of 
23 per 44.8 km? was comparable to that obtained in the Chubetsu River Basin in 1948. 

Results of the surfvey are shown in Fig. 8 as the relationships between the 
water equivalent of snow deposit and altitude. In this figure, black dots represent 
the values in the northern part of the basin and white ones in the southern part. The 
boundary between the two zones is shown by a broken line on Fig. 7. 

It is clear that these two zones have different tendencies of snow deposition. 
The water equivalent of snow increases more rapidly with altitude in the northern 
zone. Regression equations for both areas are expressed in linear form: 


H = — 8.8 + 0.058h north (8) 
H = —1.0 + 0.040h south (9) 
> 1470 
N =; O 
INS 129] 
aes Ke eon ae A > 
4 Sarees ! yn ¥ 
a Ki iS ”n~ 0 A pe a (a) 
CN} Lee Sy eRe 
EONS i< PRS tes Co EL 
420%, 3 oat 
‘ ‘ é : 
‘ ‘ +) ae a Ov ‘ 1a 14.23 
Ns 7 % 4 » 6) = ~A\bs 
' ' 7 vy 
LN OSes O ly. aay xb 
reopen f Sap et ‘ as 
ARS NS wt Cia , Ser auly 
Lass Y ¥ Y a s Ne v7 
/ ‘ at, ri 
oe BY. Cee © > 
eee ga ee @ 3 \ 
» Ny Fay x 
120 ie SS HS ee 
10\ \ Saar tsar 
pe 2 -KY 0 xe 
‘ pene . x 
a ee 3 sy EAS 
Pian a } 
» CEE LEO 
rs “~ Sse L 
mf ah Oo 332 
Bed Va) 2 Ba 
Gouera Ue 
nel . ue 5 Ste 
ioe | Ege ee 2a 
s 2 3% s fe. 
, id igi 
ica Eee 
1340 \ ERS) 
“LO; °. 
3) ‘ 
[@ < ia 
if E CT 
\ J 6 , = 
Fone) a ~@ 
' ‘ cle yo 
Ne Sh) ° S & 
tynnel_ J LDS O 
~ ©. 
< Brian 
Tomabteee” 
Tom SU_p | 
(6) / 2 os 4 
Gc ph ad 
K™ 
Fig. 7 — General topography of the Lake Skikaribetsu Basin 


33 


n S 
°o ° 


On 
So 


o 


& w& 
3° 


water equivalent of Snow H tm 
+b 
So 


CS) 


300 /000 /200 14-00 
altitude h m 


Fig. 8 — Altitude relationships of the water equivalent of the snow deposit in the 
Lake Skikaribetsu Basin in 1954. 


Estimation of total water equivalent of snow in the entire basin was carried out 
as in the preceding section of this report. The division of bands was much simpler 
than the case of the Chubetsu River Basin, because the entire basin is below the 
timber line and altitude ranges from 800 m at lake level up to highest peak of 1470 in. 


TABLE V 


Calculation of water equivalent of snow deposit in zones and total amount 


zone division of altitude A; lel W 

and average altitude h km? cm 10° m? 

south 800 — 900 ( 850) 4.0 35 14.0 
900 — 1100 (1000) 4.2 41 ihigg a2 

above 1100 (1200) 0.8 49 3.9 

sum 9.0 om 35.1 

north 800 — 900 ( 850) 8.8 40 3922 
900 — 1100 (1000) 16.9 49 82.8 

1100 — 1300 (1200) 9.0 61 54.9 

above 1300 al 66 Ths 

sum 35.8 — 180.2 

total 44.8 DSS 
x 0.85 

corrected total 183.0 
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The procedure for estimation is shown in Table V. The water equivalent H of snow 
deposit at the average altitude of each band h in this table was calculated by equations 
(8) and (9) for the northern and southern zones respectively. Correction for the forest 
cover was applied to the total value of water equivalent of snow deposit, taking 
85% as the average correction coefficient. This correction coefficient was evaluated 
in Table I using an approximate mean density of forest cover from a forest map of 
the National Forestry Bureau. 

The total amount of the water equivalent of snow deposit in the Lake 
Shikaribetsu Basin at the end of March in 1954 was estimated as 18.3 x 108 m3. 
The contribution of the northern zone was remarkable. 

To determine the contribution of snow deposit to the runoff into the lake, it 
is necessary to know the total precipitation over the basin during the thawing season. 
For this purpose seven accumulating rain gauges were placed in the basin. Gauge 
locations are shown by double circles in Fig. 7. Total amount of precipitation over 
the basin during the period from April to June was calculated by the weight method 
of Thiessen using the amount of precipitation obtained by 7 rain gauges above. It 
was evaluated as 13.3 x 10%m*. Through statistical study’) of precipitation in the 
basin area, we have sufficient proof that this amount is far below the normal average 
value. Accordingly, the contribution of the snow deposit may be considered to be 
just comparable to the precipitation in this season. 

The runoff into the lake was calculated from the data of the discharge to the 
power plants which were operated until April 20 and from the final level of the lake. 
Calculated runoff from April to June was 13.7 x 106m’. This amount is so surpri- 
singly small because it gives only 43% for the overall runoff coefficient. The overall 
runoff coefficient means that the coefficient was calculated for the gross amount of 
snow edposit and precipitation without any separation as shown in Eq. (5). A runoff 
coefficient 43°%% is remarkably smaller than 80% for the one of the Chubetsu River. 

The prediction of the water level restoration was made at the end of April. 
based on the total water equivalent of snow deposit and the statistical estimation 
of the precipitation in the thawing season which is somewhat indeterminate. Assuming 
70% for the runoff coefficient, it was predicted that the lowereing of about 6 m at 
that time would be restored by the end of July. Actually, this did not occur until 
August. This discrepancy may be attributed to the small actual coefficient of runoff 
and to the abnormally low precipitation during the thawing season of this year. 


Later activities 


The snow survey in this basin has been resumed every winter since 1954. In 
1955 several snow borings were added to the ones of the preceding year. They are 
shown as black dots in Fig. 7. These points provide information about snow deposits 
in the center of the west side of the basin. 

Some effort was made to explain the reason for the small runoff coefficient 
obtained in this basin. Precise measurements for the comparison of the snow 
deposits in and out of the forest in the basin were carried out in the spring of 1956. 
They made it clear that our estimated correction oefficient for forest cover was 
excessive, specifically, the former value of 85% should have been 65%. When is this 
value used, the resulting runoff coefficient is 50% as in the survey of 1954. 

Another possible reason for this low runoff coefficient is the leakage through 
some underground passage to the Tomabetsu River. This results in an underesti- 
mation of the runoff calculated from the rise of the lake waier level. Existence of 
underground cavities reported at the construction of the pressure tunnel may be 
favorable to this possibility. : 

With the exception of brief reports for the operation of the power plants system, 
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the data of later surfveys are not yet ready for publication. In a few years a more 
accurate picture of the hydrologic cycle in this basin will be available as a result of 
these continuing studies. 


4. A PRACTICAL USE OF THE RADIOACTIVE SNOW GAUGE. 


General comments 


It is sometimes very desirable to have a continuous indication of the snow accumu- 
lation during the winter in a particular basin. For instance, the use of a water reservoir 
like Lake Shikaribetsu should be based on the reports of snow accumulation from 
time to time during the winter. Apart from such an application, it is still an interes- 
ting and difficult problem in hydrology to get reliable data of snow accumulation 
in mountainous region. 

For such purposes, the measuring apparatus should have stability of operation 
for a rather long period of time without any adjustment and be capable of the 
telemetering data. The radioactive snow gauge invented by R.W. Gerdel and his 
colleagues®) seems to be very useful. This gauge has the advanatge that it indicates 
the water equivalent of snow deposit directly. The instrument is evidently of practical 
value in the field of snow hydrology. 

We?) have been trying to put this type of gauge to practical use in the Lake 
Shikaribetsu Basin with the intention of substituting this method for the conventional 
snow survey in the future. 


Principle of measurement 


The absorption of y rays by a substance is governed by the following formula: 
I = I, exp [— k.o d] (10) 


where I, is the intensity of radiation of they ray source, I is the intensity after trans- 
mission through a substance of thickness d and density Q: A quantity called the mass 
absorption coefficient & is known to be a constant for a given material and independent 
of the state of that material. This equation shows that the intensity of transmitted 
rays decreases exponentially with the mass of the transmitting material. In the 
case of snow, this mass is the water equivalent of snow deposit H. Accordingly, the 
absorption by the snow is expressed by 


- 


I = I, exp [—k H] (11) 


and is independent of the depth, density or water content of the snow. This is a point 
which is conyenient for the measurement of the water esquivalent of snow. Equation 
(11) is rewritten as: 

H = I/k (In I, — In I) (12) 


A calibration curve of the relation between I and H makes it possible to determine 
H by measuring of I. 


Construction of the gauge 


General construction of the gauge is as follows. A G-M counter is buried just under 
the ground surface, and a radioactive sourvce of Co,, with strong collimation is 
suspended at a suitable height directly above the counter. This height should be 
such that the setup does not disturb the natural state of snow dpvosit at this site. 
General arrangement of the system is shown in Fig. 9. 
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Fig. 9 — Arrangement of the radioactive snow gauge. 


The disposition of the source and the counter in the figure is just the opposite 
of Gerdel’s case. This is designed for the purpose of avoiding the change of charac- 
teristics of the G-M counters and the lowering of dry cell strength under low 
temperature. Under this disposition, all temperature sensitive parts are kept at nearly 
constant temperature of about 0°C. Sprecial G-M counters were made using ethyl— 
formate for the quenching gas. These tubes have good characteristics even at-35°C. 

The output current of the rate meter converted from the pulse counted by the 
counter tube is used to operate a Morse code system in a radio transmitter. The 
Morse code system is more convenient than the frequency modulation system used 
in the United States!), because the counting signal is not affected by the noise and 
it facilitates the transmission of such meteorological data as the temperature in addi- 
tion to radioactive count. 

A time switch which is connected to an electric clock operated by a dry cell 
was installed in a box underground and it moves the telemetering system twice a 
day, for several minutes each time. 

The most important and critical part of this setup is the rate meter and the 
Morse code translator. The output current of the rate meter is converted to the 
deflection of a needle of a current meter. A contact point on this needle slides on a 
Morse code drum as shown at the bottom of Fig. 10. The exponential relationship 
as shown in eg. (12) gives a relationships between the movement of the needle and 
the water equivalent of snow as shown in Fig. 10 (a). This makes accurate measurement 
at higher values impossible. 

This inconvenience was eliminated by the use of a remote cutoff electronic 
tube with the rate meter which makes the output current proportional to -/n I. 
The new relationship between the movement of the needle and the water equivalent 
is approximately linear as shown in Fig. 10 (6). Magnitude of error by the Morse 
code in this case is about 1 cm. 


Results of tests 


The first gauge was completed at the end of March 1955S. It was tested in Sapporo 
and give sufficiently successful results in operation. In the winter of 1955-56 it was 
set at a point in the northern part of Lake Shikaribetsu Basin at which point water 
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Fig. 10 — Development of the rate meter and Morse code drum assembly. 
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equivalent of snow deposit shows approxemately average the value for this basin. 
Some technical difficulty, such as a failure of suspension of the radioactive source, 
clock stoppage, etc., made continuous telemetering impossible. 

On the other hand, many improvements like that of the rate meter assembly 
described above and employment of a new counter tube were introduced. The second 
gauge was set with many precautions at the asme place last year and is still under test. 


5. SUMMARY AND ACKNOWLEDGEMENT 


Snow survey works carried out in the Chubetsu River Basin in Hokkaido were 
described with a review of the original results of the quantitative method. A practical 
method in this basin is established by taking a snow survey route whose representa- 
tiveness was proved by the survey works for four years under varying conditions. 

The quantitative snow survey method was extended to the Lake Shikaribetsu 
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Basin, where the results are directly applied for the use of this lake as a reservoit. 
The abnormally low runoff coefficient obtained in the thawing season in this basin 
demands a more precise study of the hydrologic cycle throughout the year. 

Comparison of the contribution of snow deposit to the runoff in the thawing 
season about the Chubetsu River Basin and the Lake Shikaribetsu Basin will be 
interesting. The ratio of the total equivalent of snow deposit against the total runoff 
exceeds 60% in the former (see Table IV), while it does not seem to reach to SW 
in the latter. Main reason of this difference is the less snowfall in the Lake Shikaribetsu 
Basin. The effect of the mountain barrier on the snowfall in Hokkaido which generally 
accompanies notrh-west seasonal wind is remarkably revealed in this comparison. 

The use of the radioactive snow gauge in the Hokkaido area was briefly described 
and technical improvements achieved were mentioned. 

The snow survey works reported here were carried out under Prof. Nakaya’s 
kind and encouraging guidance. The author wishes to express his cordial gratitude 
to Dr. Sugaya for his kind advice and help for the use of the equipments. Special 
mention is likewise made of Messrs K. Higuchi and K. Itagaki for their cooperation 
in carrying out the works and preparing this paper. 


REFERENCES 


(7) SuGcAya, S., On the quantitative method of snow survey. (in Japansese). 
Daisetsuzan | Sekisetsusuiryo oyobi Ryushutsu Chosa, Committee of Natural 
Resources, Economy Stabilization Bureau. 1949. 

(7) SuGAYA, S. and M. KosayAsut, Meteorological observation in the snow melting 
season of 1948 in the Chubetsu River Basin. (in Japansee) Ditto. 

() SuGaAyaA, S., On the precipitation distribution in the mountainous region. (in 
Japanese) Suigai no Sogoteki Kenkyu, 2, 1950. : 

(*) Curpa, T., Snow survey in the Daisetsuzan area by a practical method. (in 
Japanese) Ditto. : ; 

(°) Hicasut, A. and K. HiGucui, Snow survey in the Chubetsu River Basin by the 
method of long snow course. (in Japanese with English summary) Geophys. 
Bulletin of the Hokkaido Univ., 2. 1952. ‘ 

(°) Hicucui, K. and K. ITaGak1, Snow survey in the Chubetsu River Basin by the 
method of long snow course (II). (in Japanese with English summary). Ditto. 
3. 1953. 

(*) Hicasui, A., K. Higucui and K. ITaGAk1, Snow survey in the Lake Shikaribetsu 
Basin. (in Japanese with English summary) Ditto. 4. 1956. 

(8) Hicasui, A. and Y. OmMoTo, On the character of rainfall in the Lake Shikaribetsu 
Basin. (in Japanese with English summary) Ditto. 

(°) GerpDeEL, R. W., B. L. HANSEN and W. C. Cassipy, Trans. Amer. Geo. Geophys. 
Union, aii 1950. 

(2°) Hicasui, A. and K. IraGakt, A. radioactive snow gauge for practical use. (in 
Japanese with English summary) Journal of Applied Physics, Japan. 25. 1956, 

(4) Doremus, J. A., Electronics, 1951. 


39 


‘STUDIES OF THE FREQUENCY OF SNOWFALL 
IN ENGLAND, 1668-1956, 
AND THE RELATIONSHIP WITH GLACIER BEHAVIOUR 


G. MANLEY 


ABSTRACT 


In London and its neighbourhood, observations of the occurrence of snow and 
sleet have been kept by various individuals and institutions almost continuously 
since 1668. While these observations differ widely in quality it has been possible 
to compile a sufficiently 1eliable assemblage of ail days on which snow has been 
observed to fall since 1811. For the earlier years standards of observations are less 
good, but by making use of suitable reduction factors the records can be reasonably 
equated with those kept under more modern conditions. 

The results show (1) fluctuations, but no serious overall change in the likelihood 
of snowfall; (2) a broad relationship with the mean temperature of the six colder 
months. (3) The curve showing the frequency of snowfall on given days does not 
follow a uniform course, but displays irreguiarities, some of which are very persistent 
and agree with the «singularities», or irregularities in the annual march of temperature, 
shown by other European records. (4) The fluctuations in the frequency of snow at 
London are broadly related to those in Scotland, and may thus provide a rough index 
of the mountain accumulation; but they show little agreement with the behaviour 
of glaciers. The latter is more closely associated with the fluctuations in the accumulated 
temperature of the summer months in England. 


For several years the relationship between the atmospheric circulation over 
the North Atlantic and the behaviour of glaciers in the adjacent countries has been 
a subject of discussion. In lowland countries such as England where there are no 
glaciers, past variations in the frequency of snow and snow-cover should be put on 
record and are presented here, in virtue of the exceptional length of the period of 
observation. 

In the European lowlands west of the Rhine winters are prevailingly mild. 
Hence the occurrence of snow or sleet, whether it lies or not, is a matter of general 
comment. For the London area, before the days of official metévrology, we have 
journals kept by numerous observers which permit the compilation of a nearly complete 
record of the frequency of snowfall back to 1668. 

Observations of the number of days with snow or sleet are however of unequal 
value. In England observers vary widely in their readiness to make note of a few 
flakes of melJting snow falling in chilly rain; or, a few drifting flakes of dry powdery 
snow in cold weather. Scrutiny and comparison of older journals, as well as those 
kept at the present day, shows that a single observer can normally pay little attention 
to what happens in the night. 

S.E. Ashmore (Q.J. Roy. Met. S. 78. 1952, p. 629) has discussed the probable 
differences in the annual total of days deriving from present-day climatological 
stations of several types: he recognises five grades or qualities of observation (A, 
A-, B,C,D) and provides approximate reduction factors. His findings apply well 
to the numerous stations in the London area. Grade A is characteristic of such stations 
as Croydon or London Airport, where a constant day and night waich is kept by 
professional observers. Before the days of official meteorology and precise definition 
of terms, it is still evident from the nature of the entries in journals that the keenness 
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of some amateur observers was such that we can accept their observations as approxi- 
mating to A standards. In general, however, most of them can be graded C, which 
broadly corresponds with the standard of a normal third-order climatological station 
to-day, i.e. a station at which instruments are read once daily. 

A scrutiny of the observations in the London area enables a statement to be 
made of the number of days with snow or sleet observed to fall, by A standards, 
from 1811 onward. These observations are related to an altitude of 50-60 metres 
above sea level (150-200 feet). The principal component, covering 1841 to 1950, 
is provided by the Greenwich Observatory (49 m.); but the daily records from other 
places within the London basin have also been examined and assembled. In general 
the records from three such stations, each of first-class or nearly first-class quality, 
have been used, covering a triangle with sides not exceeding 25 km. and of negligible 
relief. To use three stations is advantageous, as it enables one to recognise and include 
a number of days with scattered showers which might be observed at one station 
and not at the others. A few reports in respect of which uncertainty of definition 
exists were checked against the temperatures of the days in question. The earliest 
and latest dates with snowflakes reliably observed were 25 September, 1885 and 
27 May, 1821. : 

The principal elements of the resultant assemblage of observations are shown 
in the diagrams below, for these I have to thank Miss E.M. Shaw, M. Sc. 


LONDON AND DISTRICT: OBSERVATIONS BEFORE 1811 


These are all to be described as «amateur, and derive from men of varying 
professions, character and alertness. No precise definition of what was to be observed 
had yet been formulated; and the majority refer to low-lying stations near the level 
of the river. The averages for 1931-1955 at Kew (16.5, at 5 m.) and Croydon (19.0, 
at 66 m.) incidate the need to allow for an appreciable effect of altitude. 

During the greater part of the 18th century two stations are available, assuming 
that use can fairly be made of lowland records within a radius of 40 km., for which 
there is meteorological justification. In general they appear to have been quite well 
kept in the daytime hours, and for the most part can be ranked «C» by present-day 
standards. For the years 1786-1807 there is also a record kept by an instrument 
maker in the City of London which can undoubtedly be considered «B», both from 
the nature of the entries and in comparison with other ocntemporary records kept 
not only near London but also in the Midlands and North. The second diagram 
(Fig. 2) below will show not only the accordance of trend but also how far the totals 
by «A», «B» and «OC» standards can be expected to differ. 

Allowing for the conditions of observation, nearly all the available observations 
beginning with the winter 1668-69 up to that of 1810-11 have been regarded as of 
«QO» standard and assembled below. Two qualifications must be made: first, for the 
years 1713 to 1727 the only available set of daily observations must be regarded 
as of «D» standard, if not even lower, and for those years estimates have been compiled 
using Ashmore’s reduction factor to bring the totals into comparison with those 
of later years. Secondly. for the years 1690-91, 1693-96, and 1707-12 we have no 
adequate daily observations at all. For those years only the roughest estimates can 
be made, based on very general descriptions of the weather of those years. 

The results, displayed below (Fig. 1). indicate no serious change in the overall 
incidence during the past 300 years. When the annual totals are assembled in the 
form of decadal running means, a fairly consistent relationship with the mean tempe- 
rature of the six colder months (November-April) can be recognised, (Fig. BD): There 
is a noteworthy variation in the incidence of snowfall around given dates during 
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DECADAL RUNNING MEANS OF "SNOW-DAYS” IN THE LONDON AREA 
AND 
CENTRAL ENGLAND WINTER TEMPERATURES (6months Nov.-Apr) 


CECADE ENDING 


Fig. 2 


the winter months. The diagram (in Fig. 3) illustrates the average frequency with 
which snow has been recorded during the «A» observation period (145 years) and the 
earlier «C» observations (89 years); the totals for each day being smoothed in succes- 
sive five-day means. which in some measure eliminates chance variations in the 
totals. That certain peaks centred about Nov. 18-23, Dec. 15-16, Jan. 7-11, Feb. 1-4, 
Feb. 19-20, March 9-12, April 11-14 stand out in each of the records appears to point 
to tendencies in the west European climate deserving of further study; some of them 
conform with Buchan’s spells, while others may be found acceptable in Central 
Europe. Some of them agree with irregularities in the annual march of temperature 
at Oslo (Hesselberg, Climate of Oslo, Norsk Geog, Tidskr. 2, 1929). The rapid rise 
in the first half of January is noteworthy. None of the peaks is however so strongly 
defined as might appear; days around the peaks have sabout 25% greater chance of 
snow falling than days in the hollows of the curve, which is not a large difference. 


The OBSERVED VARIATIONS in the DAILY INCIDENCE of SNOW or SLEET 
ea (Smoothed to the means of five-day totals throughout the winter) 
"A observotions 14Syeors 1812-1986, "C observations BOyeors 1726-1785 , 1697-1706 and 1669 -1689. 
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THE RELATIONSHIP BETWEEN LONDON SNOWFALL AND THAT OF NORTHERN BRITAIN 


Observations of the frequency of snowfall are available for various periods 
and places in Scotland, back to 1770. They are of variable quality, and it is not easy 
to standardise them on the same principles as are practicable for London, as the 
records do not always overlap. Nevertheless, assemblage of the data (not shown here), 
in the form of decadal running means, indicates that the overall trend of the variations 
in the frequency at London is satisfactorily representative of that of the north. 

It may be estimated that, of the days on which snow or sleet is observed to fall 
at lowland stations with «A» standards, about two-thirds are likely to make a signi- 
ficant contribution to the accumulation at higher altitudes, say above 2000 feet. 


Snow cover in the North & 
snowfall in London 


DECADAL RUNNING MEANS 


Braemar 
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Fig. 4 — Comparative trends of number of days of snow cover in N.E. Scotland 


and N. E. England, with snow at London. 


Hence as the variations in the London totals are reasonably representative of those 
of coastal districts in the north, they should also be reasonably representative of the 
variations in the total upland accumulation. We know that the rate of increase with 
altitude in the duration of upland snow-cover, about 10 days for 65 metres in N. 
Scotland and 75 m. in N. England, is considerably more rapid than that for Central 
Norway (10 d. for 100 m.) or the Swiss Alps (10 d. for 100 m. overall). Cf. Morikéfer, 
U.G.G.I. Oslo, 1948, and Manley, Geogr. Ann., 1949. 
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We lack long-term statistics of the duration of mountain snow-cover, and we 
have very little reliable statistical information at all with regard to snow-cover, 
even for lowland stations, before 1912. Such information as we have, when plotted 
(Fig. 4), does show a fair overall relationship between the vicissitudes of the duration 
of snow-cover and that of the frequency of snowfall at London. Hence it would appear 
that the frequency, the consequent accumulation of snowfall, and the persistence, 
are chiefly a function of the mean temperature of the six colder months, November- 
April, with regard to the uplands. 

Winter temperature is not so closely related to glacier variation. The relation- 
ship between the vicissitudes of glaciers in Iceland and the fluctuations of summer 
temperature in England is more evident (Fig. 5). The dates of the peaks and hollows 


1. Decadal running means of ACCUMULATED TEMPERATURE 
in Month-degrees above 42°F (5-6°C). 

2. VATNAJOKULL outlet glaciers after THORARINSSON. 

3.Decadal running means of the WINTER TOTALS of 
“SNOW - DAYS", LONDON. 


to 1736 to1762 to1781 


to18BB 


Fig. 5 


on this curve accord to some degree with the behaviour of the Alpine glaciers. In 
contrast, the same diagram shows that there appears to be much less relationship 
between the glacier behaviour and the winter frequency of snowfall in England. 

Studies of the frequency of snowfall therefore suggest that (1) there has been 
little overall change in the character of the winters during the past 300 years; but 
that the proportion of severe winters to the total has varied from time to time; and 
(2) in regard to the development of persistent snow-cover in N.W. Europe and 
glaciation it is more important to consider in what ways the spring and summer 
temperature might effectively be lowered. (3) The fact that certain groups of days 
in the winter and spring appear more likely to give snow than others, and that such 
tendencies have persisted over nearly 300 years, may draw renewed attention to the 
problem of singularities in the North-West European climate. Lastly (4) the fact 
that the period 1668-1710 was not marked by any predominance of adverse seasons 
other than about 1671-75 and in the later 1690’s, supports the view that the glacier 
readvances within that period were probably not so marked as those of the 19th 
century; or the Alpine readvances of the early 17th century. 
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AIR PERMEABILITY OF SNOW 


J. A. BENDER 
Snow and Ice Basic Research Branch 
U. S. Army Snow Ice and Permafrost Research Establishment 


ABSTRACT 


An apparatus has been constructed for determining very accurately the air 
permeability of granular materials under low pressure gradients. Screened fractions 
of snow, glass beads and well rounded soil were systematically investigated over a 
wide range of air velocities, to find the effect of grain size, porosity, shape and flow 
velocity on the permeability. The permeability of a great number of natural snows were 
determined at various densities, and a grain-size analysis made of the natural 
mixtures. All of the results obtained under laminar flow conditions may be represented 


anN ‘ 5 Me s 4 
Nene where K is the air permeability, a is a function 


by a single relationship K = 


of grain size, ” is the porosity and N is a structure factor. It is believed that a and N 
are parameters that uniquely define a given snow. 


INTRODUCTION 


Darcy (1856) first stated the basic law for laminar flow through a porous medium 

as 
: AP : 

BT Tea ue 
where y is the velocity of flow, AP is the pressure drop across a sample of length L, 
and k is the permeability coefficient. A great many investigations have been made 
to understand better the influence of the porous material on k. Excellent reviews 
on the general flow of fluids through porous materials have been made by Muskat 
(1946) and by Carman (1956). 

Bader (1939) was the first to make a thorough study of the air permeability of 
snow, and more recently work has been done by Ishida and Shimizu (1955) and 
Bender (Bader, er al., 1955). 

It was shown by Muskat (1946) that the isothermal laminar flow of a gas through 
a porous medium may be represented by 


We Va ihe a 
oy Pet x tL x t “ (2) 
which for small pressure difference may be written as 
k AP 


It is evident that if the viscosity y of the fluid and the area A and length L of 
the sample are known, it is only necessary to measure the rate of flow and the pressure 
difference. 

Various types of equipment and methods (see Wenzel and Fishel, 1942; Carman, 
1956) have been developed for the measurement of permeability. In the present 
work because only small pressure differences were to be used and work had to be 
performed at temperatures below freezing, it was necessary to develop apparatus 
and techniques to fit these needs. 
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APPARATUS AND METHOD 


The work was initially started in a cold room maintained at —5C (23°R), 
However, it was found that the permeability of a snow sample increased with time 
due to the snow metamorphism. This resulted in the decision to do all of the work 
in a large cold room maintained at —20C + 1° (—4°R). 

A «Trimount Micro-Manometer» with a range of 0 to 150 + 0.005 mm of 
water pressure differential was used. A «Dow Corning 200» silicone liquid having 
a viscosity of only 2 cs at —20C was satisfactory in the micro-manometer. One end 
of the manometer was always open to the atmosphere. 

Commercially available instruments for measuring fthe flow of air, such as 
wet test gas meters and rotameters, were tried but did not function satisfactorily 
at the low temperatures. Instead of trying to measure directly the flow of air through 
the sample, two types of apparatus were constructed to measure the amount of air 
displaced at a constant rate. 

The apparatus used for measuring small rates of flow 0.06 to 0.8 cm?/sec is 
illustrated in Figure 1. It is similar to most constant head permeameters except that 
a liquid was used to displace the air which is forced through the sample. The 
rate of flow of the liquid was measured by weighing and timing with a stopwatch. 


| TANK TO MAINTAIN CONSTANT HE aD 
2 FLOW REGULATOR VALVE 

3 ON-OFF VALVE 

4 ADAPTER TO HOLD SAMPLE TUBE 
5 CONNECTION TO MANOMETER 

6 WIRE MESH 

7 STANDARD SAMPLE TUBE 

8 AIRTIGHT WEIGHING BOTTLE 

9 DRAIN ON-OFF VALVE 

10 OVERFLOW TUBE 

11 PUMP 

12 EXCESS FLUID RESERVOIR 

13 BALANCE: 5KG ,ACCURATE 70 1G 


Fig. 1 — Permeameter using liquid to displace air. 
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In actual practice, the one regulator valve was replaced by a manifold of three valves 
which were left at different rates of flow and these were checked only at the beginning 
and end of the operation on a given sample. 
For greater rates of flow, 0.5 to over 2000 cm3/sec, the apparatus shown in 
Figure 2 was used. It consisted of three concentric cylinders. The inner, A, and outer, 


| WIRE TO DRUM 


SAMPLE 
TUBE 


Fig. 2 — Constant velocity permeameter. 


C, cylinders were fixed and the space between held kerosine. The middle cylinder, 
B, could move up and down with the kerosine acting as an air seal. Air could be 
drawn or forced through the sample by moving the middle cylinder up or down. 
The movable cylinder was raised or lowered by winding or unwinding a wire on a 
drum. The rps of the drum could be changed by a series of gears connecting the 
drum to a synchronous motor. 

The sample tube used for almost all of the measurements was the standard SipRE 
polished stainless steel snow tube; length, 18.9 cm (7.4 inches), inner diameter 5.8 cm 
(2.28 inches). 
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The procedure used for testing snow samples was to fill the standard tube, 
weigh it to obtain the density, and determine the permeability over a wide range of 
velocities. The sample then was artificially compacted a few millimeters by means 
of a hand press. The density was determined by measuring the new length of the 
compacted sample and the permeability determined again over a wide range of velo- 
_ cities. The above procedure was used to obtain curves for several densities of the 
same sample. The procedure for glass beads and soil particles was similar excep} 
that the tube was tapped to obtain higher densities. 

All of the densities were changed into porosities by the relationship 


et — ea 
i Leer x 100 (4) 


where 7 is the porosity, oz the true density of the particles and oa the apparent density. 

Work by Bader (1939), verified in this investigation, showed that the snow 
sample when compacted was still quite homogeneous and that there was little breaking 
of individual crystals. 


EXPERIMENTAL RESULTS AND DISCUSSION 


a. Range of Darcy’s Law 


Each fraction of the screened snow was tested over a wide range of velocities 
by the methods previously described. Figures 3 and 4 show typical velocity vs pressure 
gradient curves obtained for two of the fractions. It may readily be seen that there 


1S 


) 


v, VELOCITY (cm/sec) 


°0 50 100 150 200 250x10-> 
i, PRESSURE GRADIENT (g/cm2—cm) 


Fig. 3 — Velocity vs pressure gradient, —1.190 -+ 1.000 mm snow fraction at 
different porosities. 


is nowhere a definite break in the curve to show the change from viscous to turbulent 
flow. This is to be expected as the curves represent the summation of flow through 
a large number of tortuous channels. It is also seen that the amount of deviation 
from a linear relationship is not only a function of the velocity and particle size, 
but of the porosity as well. It is this latter effect which made any attempt to formulate 
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Fig. 4 — Velocity vs pressure gradient, —2.000 + 1.680 mm snow fraction at 
different porosities. 


the conditions for the range of viscous flow by a type of Reynold’s number quite 
useless. There is also an additional effect due to particle shape. 
Attempts were made to express the curves empirically by 


LE =="CyVi > Cave (5) 

and 
i= c¢; (yr (6) 
where c¢,, cy and cz; were functions of m and particle size and the exponent r varied 
between 1 and 2. However, none of these equations was successful over the whole 
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Fig. 5 — Velocity vs low pressure gradient, —1.190 -+- 1.000 mm snow fraction at 
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Fig. 6 — Velocity vs low pressure gradient, —2.000 + 1.680 mm snow fraction at 
different porosities. 


range of porosities and grain sizes. The results in the viscous range for the same 
two fractions are shown in Figures 5 and 6. 


Bader (1939) recommended flow velocities of no more than 15 cm/sec for fine- 
grained snow; 6 cm/sec for medium-grained snow; and 2-3 cm/sec for coarse-grained 
snow. In the experiments on air permeability of natural snows by Ishida and 
Shimizu (1955), they found the flow was laminar up to 1.5 cm/sec. The author recom- 
mends flow velocities no greater than 5 cm/sec for fine-grained snow (less than 0.8 
mm diameter); 2 cm/sec for medium-grained snow (0.8 — 1.2 mm diameter) and 
1 cm/sec for larger-grained snow .The majority of the tests were made at flow velocities 
of less than 0.5 cm/sec. 


b. The effect of porosity on the permeability of snow 


The density of snow varies from considerably less than 0.1 for a light fluffy 
new snow to that of ice. The porosity may readily be computed from the density 
by the relationship 


Niimeeny's 
VG 


n= = 1.00 — 1.097; (7) 


where i = density of ice = 0.917 


Ys = density of snow. 


The pores in snow are usually entirely interconnecting, but at high densities the 
material may no longer be permeable, although still porous. By this difference snow 
and ice are defined, i.e., snow is permeable, ice is not. Bender (Bader, e¢ al., 1955) 
found that zero permeability could be expected when the density reached approxi- 
mately 0.77. Thus there is permeability in a range of porosities from 16% to 89%. 
Most previous investigators on other media have only been concerned with a few 
percent change in porosity. Plots of the permeability coefficient K versus the porosity 
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for a new snow, a large-grained snow and a fine-grained snow are shown in Figures 
7, 8 and 9, respectively. K is defined by the equation 
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Fig. 7 — Permeability vs porosity for a new snow. 
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Fig. 8 — Permeability vs porosity for a large-grained snow. 
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Fig. 9 — Permeability vs porosity for a snow over a year old. 
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Fig. 10 — K/n vs K for a new snow. 
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Bader (1939) found that his data on permeability could be represented by a 
straight line when K/n was plotted against K. In this case 
K K anN 


—=a- OT Ke = 
n N N-n 


where a is the intercept and N the reciprocal of the slope. 


Plots of K vs K/n for the three snows shown in Figures 7 - 9 are given in 
Figures 10 - 12. 
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Fig. 12 — K/n vs K for a snow over a year old. 
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A systematic determination of the permeability of natural snows, screened 
fractions of snow, glass beads, and a round-grained soil was made to investigate 
the effect of porosity and grain size on the permeability coefficient. 

The following functions were investigated for a given natural snow or screen 
fraction: 


anN oe : 
ee N Bader (1939) empirical equation 
-n 


K Ee Empirical ti 
tae mpirical equation 
Cr? . 
Kec “a7 Burke and Plummer (1928) theoretical equation 
-n 
Dr? : : 
Kies (en? Kozeny (1927) theoretical equation 
-n 
an’N ay : 
Ke = — Empirical equation 
N-7? 


Fig. 13 —0.590 +- 0.500 mm snow fraction, 9X. 
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The values for the constants in each case were determined by the method of 

least squares. The Gauss criterion (see Worthing and Geffner, 1943, page 260), 
py (Kexp spe Kj)? Pass 
0 SS Se mm, 
S—m 

where Kexp is the experimental value; K; is the computed value, S is the number 
of observed pairs of data, and m the number of arbitrary constants, was used to see 
which equation best fitted the data. The results are tabulated in Table I. 


TABLE I 
Material OF (Oy (Os QO, We Range of S 
; ny 
Glass Beads 0.02 0.01 0.28 0.05 0.007 31.4—35.0 4 
New Snow 128. 150. 1,205. 128. 31. 83.0—88.4 7 
Soil 0.04 0.18 152) 0.25 0.02 49.5—S55.1 4 
Snow Fraction 0.10 0.08 0.94 0.05 0.04 44.9—51.9 5 
B Snow 0.21 48. 181. 54. 0.59 46.2—57.6 6 
C Snow 4.8 1S: 229. (Wile 9.4 42.4—54.6 6 


Fig. 14 —0.590 + 0.500 mm glass bead fraction, 9X. 
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Fig. 16 —1.000 + 0.840 mm snow fraction, 9X. 


Fig. 18 —1.000 + 0.840 mm soil fraction, 9X, 
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anN 
It may be seen from the table that Bader’s function K, = —— or the frunction 


N-n 
an’N 

NG 
Typical screen fractions of the three types of materials investigated are shown 
in Figures 13-18. The experimental value for a and N are given in Table II. All 
values were computed by the method of least squares. In addition to the permeability 
studies on screened fractions, a number of tests were made on natural Greenland 
snows. The permeability of a given natural snow was determined for at least five 
different porosities and a and N computed by means of the Bader equation, using 
the least squares method. A screen analysis was then made and the mean grain size 

d calculated from it. The results are given in Table III. 


are the most suitable, especially for snow. 


TABLE II 


Screened Fractions 


Screen 
Screen 4/m, X Mg Snow Soil Glass 
size size a N a N a N 

—0. 149+0.074 0.105 0.14 0.725 

—0. 210+0.149 0.176 0.39 0.676 

—0. 250+0.210 0.229 1.59 0.584 0.66 0.652 

—0. 297+-0.250 0.273 2.29 0.606 0.97 0.641 

—0. 350+0.297 0.322 2.59 0.582 1.29 0.630 

—0. 420+0.350 0.383 3.78 0.612 1.99 0.620 

—0. 500-+40.420 0.458 4.86 0.623 3.27 0.628 7.22 0.460 
—0. 590+0.500 0.543 5.65 0.585 4.46 0.625 jt Feat 0.466 
—0. 710+0.590 0.647 6.33 0.589 7.66 0.618 U7 55 0:S07, 
—0. 840-++0.710 0.772 8.29 0.645 10.70 0.597 

—1.00 +0.840 0.916 12.11 0.678 18.19 0.613 38.11 0.492 
—1.190 +1.000 1.09 16.69 0.622 20.33 0.573 49.49 0.504 
—1.410 +1.119 1.29 19.57 0.621 295): 0.558 58.16 0.479 
—1.68 +1.41 1.59 25.40 0.698 

—2.00 +1.68 1.83 27.24 0.656 

—2.38 -+2.00 2.18 110.8 0.485 
—2.83 +2.38 2.60 169.4 0.502 
—3.36 +2.83 3.08 356.9 0.541 
—4.00 +3.36 3.67 436.4 0.535 


c. Bader’s Equation 
" anN : : 
Log-log plots of the values of a in the equation K = Nar against the mean grain 


size d of natural and screened fractions of snow, fractions of glass beads, and fractions 


of a soil are shown in figures 19-21, respectively. These show that for snow, a = 
16.8 d}-*: for glass beads, a = 36 d®-°; and for the soil, a = 16.5 fot 
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TABLE III 


Natural Snews 


Snow d(mean) a N N/n° 
B 0.82 10. 0.62 1.076 
G 0.74 if 0.57 1.043 
D 0.87 1M be 0.59 1.062 
E 0.73 11.5 0.58 1.077 
F 0.90 22% 0.61 1.078 
G 1.30 0.32 0.65 1.058 
H 0.80 16. 0.55 1.082 
A—!1 0.50 6. 0.63 1.058 
A—2 0.95 16. 0.67 1.060 
A—3 0.85 12. 0.57 1.053 
S—1 0.96 22. 0.65 1.082 
S—2 0.83 5 0.56 1.064 
S—3 1.34 25: 0.63 1.077 
S—4 1.63 31. 0.62 1.068 
S—5 0.70 10. 0.65 1.066 
S—6 1.09 22s 0.65 1.082 
S—7 1.18 28. 0.63 1.039 
S—8 0.79 10. 0.61 1.038 
New — 1B i 0.92 1.036 

Wind Packed — i 0.61 1.208 
a 
ae 
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Et 
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Fig. 19 — Mean grain size of snow vs a; Screen fractions — .; Natural mixtures — X. 
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Fig. 20 — Mean grain size of glass bead fractions vs a. 
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Fig. 21 — Mean grain size of soil fractions vs a. 


It was to be expected that K for glass beads would be proportional to the square 
of the diameter of the beads. The values of K for glass beads are comparable to those 
obtained by numerous other investigators as reviewed by Carman (1956). 

The meaning of N is not clear. It seems to be representative of the loosest type 
of packing available for the given grain shape and surface roughness of the material. 
For instance, the average N value is about 0.50 for glass beads; about 0.63 for the 
more irregular soil; and varies from as high as 0.92 for new snow to less than 0.50 
for high-density old snow. 

Bader (1939) noted that the ratio of N/m, was very nearly constant for almost 
all snow types and the mean value for 50 determinations was 1.058, except for extreme 
formations of wind crust, which had values larger than 1.1. The present investigations 
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show an average N/n, value of 1.063 and for a wind crust, 1.208. Permeability studies 
on snow over 10 years old (over 30 feet deep on the Greenland Ice Cap) and with 
densities of over 0.5 shows that this ratio still holds. The average ratio of 11 different 
high-density snows was 1.060. All these results give credence to the concept that N 
represents the loosest packing of the material for the given shape of the particles. 


CONCLUSIONS 


Studies on snow indicate that air flow is laminar for velocities less than 5 cm/sec 
for fine-grained snow (less than 0.8 mm diameter); 2 cm/sec for medium-grained 
snow (0.8 — 1.2 mm diameter); and 1 cm/sec for larger-grained snows. All of the 
results obtained under laminar flow conditions may be represented by a single 


relationship 
16.8 d}-°nN 


N—n 


where K is the air permeability, 1 is the porosity, d is the average snow grain size 
in mm and N represents the loosest packing (highest porosity) for the given shape 
of the snow particles. 
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A SURVEY OF ARCTIC SNOW-COVER PROPERTIES 
AS RELATED TO CLIMATIC CONDITIONS 


MICHAEL A. BILELLO 
Climatic and Environmental Research Branch 
Snow Ice and Permafrost Research Establishment 
U.S. Army 


SUMMARY 


An analysis of snow cover density, temperature and hardness data measured 
over a period of several years at five stations in Alaska and six stations in the Canadian 
arctic, shows the snow cover in the Canadian Archipelago to be colder, denser and 
harder than in the interior of Alaska. 

A series of nomographs were developed to estimate average monthly snow cover 
densities (g/em*) from mean monthly air temperature and wind velocity. The 
nomographs are applicable for the months November through March, for the Alaskan 
and Canadian area north of 62°N latitude, and for elevations below 1500 feet. A 
comparison of observed snow cover densities, with those derived from the nomographs, 
uigice tes that the method will provide a reliable regional estimate of snow cover 

ensity. 

Studies of the association between snow cover temperatures and air temperature 
from November through March disclosed the snow to be on the average from 4° to 
9° C warmer than the air at the Alaskan stations and 4.5° C warmer at the Canadian 
Archipelago stations. 

An investigation of snow cover hardness revealed regional variation similar to 
that for density. Measured snow hardness, during the period of no melting, was 
found to be related to densities between 0.15 and 0.36 g/cm®. 


PREFACE 


The data used in this report were made available through the combined efforts 
of personnel associated with the Canadian Department of Transport, the U.S. 
Weather Bureau and the U. S. Air Weather Service. Mr. Michael A. Bilello, of the 
Climatic and Environmental Research Branch, analysed the data and prepared the 
preliminary report. Mrs. Genevieve Jones assisted with the computation and tabu- 
lation of the data. The work was conducted under the general supervision of Mr. 
Marvin Diamond. Assistant Chief, and Dr. R. W. Gerdel, Chief, of the Climatic 
and Environmental Research Branch. This paper constitutes a progress report on 
Project 22.5-1, Snow Cover Studies. 


INTRODUCTION 


The purpose of this study was an investigation of the regional variations of 
snow cover properties in the arctic, and the development of methods for forecasting 
these properties from meteorological conditione. 

This report covers one phase of a Sipre research program in which the relations- 
hip between the characteristics of a snow cover and the meteorological conditions 
to which it has been subjected are being investigated. The objective is to provide 
information which can be used as a basis for increasing the efficiency of military 
operations or civilian activities in an environment dominated by a snow cover and 
low temperatures for much of the year. 
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A study of this type requires concurrent measurements of both snow cover 
properties and meteorological elements. To obtain such measurements a systematic 
snow observation program was initiated at various locations in Alaska and in the 
Canadian Arctic Archipelago, (recently given the official name, Queen Elizabeth 
Islands), during the winter season of 1952-1953. The observations were made at 
weather stations in Alaska operated by the U. S. Air Force and at the Joint Arctic 
Weather Stations in the Canadian Archipelago operated cooperatively by the U. S. 
Weather Bureau and the Meteorological Division of the Canadian Department of 
Transport. é 

Two to four years of snow cover data have been compiled for five stations in 
Alaska, five stations in the Canadian Archipelago and for two locations at Frobisher 
on Baffin Island, Northwest Territories of Canada (Figure 1). 


Fig. 1 
Location and elevation of stations covered in the study. 


. 


The observations which were made in accordance with instructions in Sipre 
Instruction Manual 441 (Snow Ice and Permafrost Research Establishment, 1954) 
provide data on certain properties of each layer of snow in a vertical profile. The 
different layers of snow can be visually delineated by structural differences, such 
as size and shape of the snow grains. or textural variations identifying periods of 
major snow accumulation. The properties which were measured weekly are density, 
temperature, hardness and crystal size. 

Some preliminary studies on data from these stations indicated that there were 
important regional differences in the physical properties of the snow cover. In this 
report an effort has been made to associate these regional differences in the properties 
of the midwinter arctic snow cover with specific climatic conditions. 
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A REVIEW OF THE CLIMATIC PARAMETERS WHICH MAY AFFECT THE DENSITY OF THE SNOW 
COVER IN THE ARCTIC 


As shown in Figure 2, arctic,snow cover density varies both regionally and 
seasonally. It is a snow property that appears to be affected by the meteorological 
environment. 
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Fig: 2 
Regional and seasonal variations in snow cover density. 


Those meteorological elements which may affect the density of arctic snow cover 
and are regularly measured at weather stations are air temperature, wind velocity, 
relative humidity and cloud cover. 

The objective of this particular phase of the study was to determine the effect 
of the above climatic parameters on the density of winter snow. Since melting results 
in rapid and large changes in density, the study was confined to the non-melt period 
in the area north of 62° N latitude. This period generally extends from November 


through March. 
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TABLE 1 
Mean Monthly Cloud Coverage (1.0 = overcast; 0.0 = clear) 


ALASKAN STATIONS 


Station Period of Record Nov. Dec. Jan. Feb. Mar. Mean 
Galena 46 — 53 ai a) a5) 3. 6 6 
Eielson 558) = BS 6 6 6 55 5 6 
Tatalina 52S 8 a Ao 6 6 6 
Utopia Creek 51 — 55 sdf 6 ED 6 6 6 
Barter Island 47 — 53 8 6 eS) a 6 6 
6 


CANADIAN ARCHIPELAGO STATIONS 


Alert 50 — 53 5 4 4 4 5 4 
Eureka 47 — 353 4 3 3 4 4 4 
Isachsen 48 — 5§3 eS 4 4 55) o} AS 
Mould Bay 48 — 53 5) 4 4 4 4 4 
Resolute 47 — $3 6 4 a3 4 4 4 
4 
TABLE 2 
Mean Monthly Snow Cover Temperatures °C 
ALASKAN STATIONS 
Station Period of Record Nov. Dec. Jan. Feb. Mar. Mean 
Galena 53 — 56 8.4 USe7 14.4 13.2 9.5 —12.2 
Eielson Sy ==) 5) 8.3 14.4 16.5 11.75 — 6.2 —11.4 
Tatelina 53 — 56 Tele te, 10:3 —13.8 — 6.1 — 9.8 
Utopia Creek 53°»: Msg. 15.6 13.2 16.6 +12.2 —14.4 
Barter Island 52-— 55 9.0 172 20.8 Dl 21.2 —18.2 
— 13-2 
CANADIAN ARCHIPELAGO STATIONS 
Alert 54 — 56 — 22.6 —28.5 —31.4 34.6 33.8 30.2 
Eureka 52 — 56 26.8 29.6 32.6 3255 8257 30.8 
Isachsen 52156 Wey 26.6 30.0 32.8 33.6 29.3 
Mould Bay 53 — 56 —— 223 27.6 202 S07 31.4 28.2 
Resolute a2 6 —19.0 IBID QT 31.1 27.4 25.6 
—28.8 
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The average amount of cloudiness during the winter season, as shown in Table Ne 
indicates that the Alaskan stations have almost 50% more cloudiness than the Canadian 
stations. The increase in cloud cover reduces the heat loss due to long wave radi- 
ation and accounts in part for the higher temperatures of the snow cover at the 
Alaskan stations (Table 2). 

It is generally recognized that the values of relative humidity at temperatures 
below 0°C as obtained with the sling psychrometer may be in considerable error. 
During periods when air temperatures were below minus 35°F, relative humidity 
was not measured at the Canadian arctic stations. For these reasons it was not possible 
to undertake a study of the effect of relative humidity on snow cover density. 

Additional processes not directly attributable to current meteorological pheno- 
mena could effect the properties of a snow cover. The temperature gradient and 
thermal conductivity of the soil for example, determines the heat flow from soil 
to the snow and may contribute to the metamorphic processes within the snow 
cover. Soil conditions, such as water content and depth of freezing, which may have 
an influence on the snow cover, may be related to meteorological phenomena which 
occurred prior to the development of the seasonal snow cover. Except for some 
near surface soil temperatures measured at Resolute, no observations were made on 
soil conditions at the arctic stations. Therefore, the possible influence of soil condi- 
tions on the metamorphic processes in the snow could not be included in this report. 

Air temperature and wind velocity were measured with sufficient accuracy and 
frequency to permit the evaluation of their effect on the density of the arctic snow 
cover. 


RESULTS OF STUDY 


The Regional Variations in Snow Cover Density 


A weighted mean of snow cover density for each weekly observation was derived 
in the following manner: 


Thickness Helo observed weighted 
of each total snow density snow density 
layer (cm) depth g/cm? g/cm* 
layer 1 (bottom) 6 20 .205 041 
layer 2 15 50 .290 .145 
layer 3 (top) 9 30 .230 .069 
total depth = — 
30 cm 100% .255 g/cm? 


weighted mean 


This method of computation was used to allow for variations in thickness of 
the layers forming the snow cover. The density samples were taken at the midpoint 
of each layer, and were assumed to be representative for that layer. 

Mean monthly densities were obtained from thea rithmetic means of the weekly 
values, These mean monthly values of snow cover density and the location, 
elevation and number of years of record for each station are shown in Table 3. 

A plot of these values, Figure 2, reveals a marked difference in average monthly 
snow cover density for the interior Alaskan stations, (Eielson, Tatalina, Galena and 
Utopia Creek) when compared with the Canadian Archipelago stations, (Resolute, 
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TABLE 3 


Mean Monthly Values of Snow Cover Density (g/cm?) 


Station Location and Yearsof Noy. Dec. Jan. Feb. Mar. 
Name Elevation Record 
Tatalina, 62° 54’ N 3 BOM 21862122328) 
Alaska 155° 59’ W 
939 Ft. 
Galena, 64° 43’ N 3 OTS A220 22172-22465 
Alaska 156° 54° W 
120 Ft. 
Eielson, AFB 64° 39’ N 3 LOSinweL ST De 2 TCD 
Alaska 147° 04’ W 
547 Ft. 
Utopia Creek, 66° 03’ N D, Msgire235 257) 258) 6269) 
Alaska 153° 45’ W 
1378 Ft. 
Barter Island 70° 07’ N 3 BLO® H3S2R 324s 26a alo 
Alaska 143° 40’ W 
SO Ft. 
Frobisher 1 63° 44’ N 2 84) 288284298 o del, 
(Weathei Station Site) 68° 33’ W 
N.W.T. 68 Ft. 
Frobisher 2 63° 44’ N 2 S286) 228200 n304en2 (0mm oO> 
(Runway site) 68° 33° W 
N.W.T. 68 Ft. 
Resolute, 74° 41° N 4 306i 3:3 033331 nes 89 ae. 50 
N.W.T. 94° 54’ W 
56 Ft. 
Mould Bay 76° 16° N 3* 37187 o23 61 54 Sno OO Roe 
N.W.T. 119° 28’ W 
50 Ft. 
Isachsen, 78° 47° N 4 E39 3! Ol eo On ae SO oS 
N.W.T. 103 °32’ W fe 
83 Ft. : 
Eureka, 79° 59’ N 4 348.) 2359 352 ee SO lain Oul 
N.W.T. 85°57 Wi . 
8 Ft. 
Alert, 82° 30’ N 2 bees bil © aise Ucsisin Bv 
N.W.T. 62° 20’ W 
205 Ft. 


* Including 1954-55. 


Eureka, Isachsen, Alert and Mould Bay) and Barter Island on the Alaskan north 
coast. The stations are grouped to emphasize that the study is of regional rathes 
then point variations in snow cover density. The range of values for the interior 
Alaskan stations is approximately .13 to .20 in November and .23 to .27 g/cm? in 
March. The densities at Barter Island, Alaska and the five Canadian archipelago 
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stations range from approximately .30 to .36 in November, and .33 to .39 g/cm 
in March. Snow cover densities measured at the two sites at Frobisher, Northwest 
Territories range from approximately .27 to .32 g/cm*. Unusually high densities 
reported from Mould Bay during 1954-1955 were treated and shown Separately in 
Fig. 2. These values range from approximately .43 in November to .395 in March. As 
will be shown later these observations coincided with high values in snow 
hardness. No extreme values of air temperature or wind velocity appeared to be 
associated with the se high densities. 


The Prediction of Average Monthly Snow Cover Density in the Arctic from Air Tempe- 
rature and Wind Velocity 


Mean daily air temperatures at each station were computed from the daily 
maximum and minimum temperatures. 

Average monthly air temperatures for these stations, computed from the mean 
daily temperatures are presented in Table 4. The period of record covered here is 
the same as that shown for the average monthly snow cover density (Table 3). 


TABLE 4 
Average Monthly Air Temperature (°C) 


Station Nov. Dec. Jan. Feb. Mar. 
Galena, Alaska —13.5 —24.2 —24.6 —23.3 —13.5 
Eielson, Alaska —12.5 —23.0 —24.8 —19.4 —12.2 
Tatalina, Alaska —12.8 —19.8 —19.1 —20.0 —10,2 
Utopia Creek, Alaska —12.5 —23.6 —20.0 —26.4 —14.4 
Barter Island, Alaska —14.5 —25.4 —26.8 —29.4 —25.2 
Frobisher, Canada —15.8 —26.1 —26.4 —26.2 —19.7 
Alert, Canada —25.9 —31.2 —32.0 —34.9 —34.6 
Eureka, Canada —29.6 —35.8 —36.4 —36.9 —38.5 
Isachsen, Canada —28.2 —32.1 —34.2 —37.3 —36.8 
Mould Bay, Canada —26.3 —33.9 —33.2 —37.1 —34.1 
Resolute, Canada —24.0 —29.6 —32.4 —33.8 —32.3 


A plot of the average monthly snowc over density versus air temperature for all 
the stations for the period November through March is shown in Figure 3. The 
linear relationship based on the least squares computation yields a correlation 
coefficient of —0.77 with a standard error of estimate of .04 g/cm%. 

A more detailed examination of the data, on a month to month basis, revealed 
that there were variations in the positions of the lines of best fit for certain periods 
of the snow season. One line fitted the data for November, another for March and 
a third for December, January and February. The variation is shown in Figure 4. 

The November line incorporates the low snow densities and relatively high 
temperatures of the interior Alaskan stations and the high snow density and colder 
air temperature of the Canadian archipelago stations. At lower latitudes the snow 
accumulation season has just started by November. The newly fallen snow, not 
having been subjected to severe temperature changes or wind action, forms 
a soft snow cover of low density. In contrast, at the Canadian archipelago stations, 
the snow season is more advanced by November and the snow cover has been 
subject to meteorological influences for a longer period of time. 
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The slopes and intercepts of the regression lines for December, January and 
February were practically the same, indicating a similarity of response of the snow 
cover to climatic factors at all stations during that period. The three months, there- 
fore, were combined into one group. 

During March, the total daily direct solar radiation is greater at lower latitudes, 
so at the interior Alaska stations and at Frobisher on thes outhern end of Baffin Island 
the upper layers of the snow cover undergo a net gain in radiational heat. The 
absorbed radiation increases the rate of metamorphism, which results in settling, 
and increases the density of the pack. Oda and Kudo (1941) observed similar changes 
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in the snow cover, as solar radiation increased, in their studies in Japan. The process 
leading to increased density in the arctic snow may be similar to that described by 
hydrologists as «ripening» of a temperate zone snow pack prior to discharge of melt 
water. Since the metamorphic procéess has not reached this stage in the higher 
latitudes in March, the regression line for snow density in the more northern stations 
remains relatively unchanged. 

For the area covered by this study, the following relationships between snow 
density and air temperatures appear to apply. 


For November: Qs = —.0098T~ +. .090 
(December:) 
For (January:) Os = —.010T, + .016 
(February:) 
For March es = —.0048T,a + .197 
where:o.s = average monthly snow cover density (g/cm*). 


and:T,a = average monthly air temperature (°C). 


FIGURE 5 


FEBRUARY 
ANO 
MARCH 


DECEMBER 
AND 
JANUARY 


3 
DEPARTURES OF SNOW COVER DENSITY (G/CM )—ACTUAL MINUS ESTIMATED (USING AIR TEMPERATURE RELATIONSHIP) 


NOVEMBER 


+ 


° 3 5 7 9 " 13 15 
AVERAGE MONTHLY WIND VELOCITY (MPH) 


Difference between observed and estimated snow cover density in relation to wind 
velocity. (Densities estimated using air temperature). 
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Fig. 6A through 6D — Nomographs to estimate average monthly snow cover 


density for November through March. 
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An investigation of possible causes for departures of the actual snow cover 
density from values estimated from the regression equations, indicated that high 
snow densities frequently were associated with strong winds and low densities with 
light winds. 

A comparison of these departures from estimated values with the corresponding 
average monthly wind velocity is shown in Figure 5. Wind velocity appears to be 
more influential in November than in February and March. This seasonal decrease 
in the apparent effect of wind velocity on snow cover density is associated with, 1) 
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the period when most of the snow has accumulated and, 2) with the seasonal increase 
in snow cover density. Studies show that in the area under discussion, 52% of the 
mid-winter snow is deposited by November 30, 80% by January 31; and the snow 
cover density increases from an average of .28 by the end of November to .32 g/cm® 
by the end of March. 

Since both air temperatures and wind velocity affect the snow density, these 
variables were used to develop a method for graphically computing average 
monthly snow cover densities. These nomographs (Figures 6A through 6D) for 
November through March are applicable to the Canadian and Alaskan regions 
north of 62° N latitude, and for elevations below 1,500 feet. 


Comparison of Observed Snow Cover Density with Those Computed from the 
Nomographs 
Meteorological data for Resolute, Eureka and Alert in the Canadian archi- 
pelago during the 1956-57 season has been used to compute densities from the 
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nomographs. The estimated densities and the observed densities (values which were 
not used previously) for identical periods are shown in Figure 7. \ 

On the same chart observed densities at Tatalina and Utopia Creek, Alaska 
also, for the 1956-57 snow season, are compared with computed densities from clima- 
tological data obtained from the weather records published in the Air Weather 
Service’s. «Uniform Summaries of Surface Weather Observations». The climatologrical 
reports were used because the weather data for 1956-57 was not available. 

There is fair agreement between the actual and estimated snow cover densities 
on the basis of regional variations. However, for individual locations within regions, 
the accuracy of prediction decreases. 


The Relationship between Average Monthly Snow Cover Temperature and Air 
Temperature 


The mean snow cover temperature for each observation was computed by 
weighting the temperature of each layer by the ratio of the layer thickness to the snow 
cover thickness. The procedure was similar to that described earlier for computing 
the mean density of the snow cover. The mean monthly values of snow cover 
temperature computed arithmetically from the weekly means are listed in Table 2. 
The relationship between monthly snow cover temperature and the corresponding 
monthly air temperatures (Table 4) is presented graphically, in Figure 8. 


FIGURE 8 
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Relation between air temperature and snow cover temperature 


The distribution of points in this figure indicates that the data used in this study 
probably were derived from two separate populations. Line A appears to define 
a climatic regime in which the snow temperatures are about 4.5°C warmer than the 
air temperature while line B defines a regime where snow temperatures are from 
4°C to 9°C warmer than the air temperature. The data to which line A has been 
fitted were all derived from stations located north of 70° N latitude, and with but 
two exceptions (Barter Island, Nov. and Dec.) all points assigned to line B were 
derived from records for stations located between 63° and 66° N latitude. 
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The difference between the two climatic regimes as indicated by these lines 
may be due in part to differences in the physical properties of the snow cover, in part 
to differences in soil properties and heat storage in the soil, and as previously dis- 
cussed, the amount of cloudiness. The possible influence of soil temperature on the 
snow cover temperature is indicated by the —0.2 to —0.4 °C geotherm found 
from 30 to 60 ft. depth at Ladd, Alaska, near latitude 65°; whereas at Point Barrow, 
Alaska, latitude 70° N and Thule, Greenland, latitude 76.5° N a soil temperature of 
—9.5°C is found from 30 to 200 ft, below the surface. Sufficient data on soil 
temperatures are not available for the stations included in this report to determine 
differences in magnitude of heat flow between the earth and the snow cover. It appears, 
however, that differences in snow cover temperaturesm ay be due in part to differences 
in soil temperatures. 


The Relationship between Hardness and Density of the Snow Cover 


The geometric mean was used to compute mean snow cover hardness in order 
to reduce the effect of extreme values. 

The data plotted in Figure 9 revealed a regional and seasonal variation in the 
mean monthly hardness of the snow cover similar to that of the density 
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(Figure 2). This indicates an association between the hardness and density of the 
snow cover. The relationship is shown in Figure 10. 

The line of best fit extends without change in slope to a hardness of 5000 gm/cm? 
The plotted points above that value are for the hard and dense snow cover reported 
from Mould Bay during 1954-1955. 

Increases in the measured hardness of the arctic snow cover may be attributed 
to two processes. One involves an increase in the number of snow grains per unit 
volume, which is accompanied by an increase in density, as indicated in Figure 10, 
for densities between .15 and .36. The second is due to the development of ice bonds 
between the snow grains and would not be accompanied by an increase in snow 
density. The instruments and procedures used in measuring hardness do not permit 
separate identification of the two processes. Consequently, it was not possible to 
establish relationships between snow hardness and the meteorological parameters 
identified with snow cover density. 


BIBLIOGRAPHY 


Air Weather Service, Data Control Division (1951-1955) Uniform summary of surface 
weather observations, Department of the Air Force. 

Opa, T., and Kubo, K. (1941) Setsushitsu to mitsudo (Properties of snow and its 
density), Snow and Local Agricultural Economics Station, Shinjo City, Yamagata 
Prefecture. SIPRE Translation 32, 1954. 21 pages. 

Snow Ice and Permafrost Research Establishment (1954) Instructions for making and 
recording snow observations, Instruction Manual 1, U.S. Army. Corps of 


Engineers, 10 pages. 
VE 


SNOW SURVEYING BY ONTARIO HYDRO 


J. A. S. MILNE 


ABSTRACT 


Snow surveys have been conducted in the Province of Ontario by Ontario Hydro 
personnel since 1931. This paper briefly describes Ontario Hydro, its formation and 
function; the topography of the Province of Ontario; the need for snow surveys; 
description of a snow course; type of equipment used; its component parts; snow 
survey procedure; and finally the use of survey data present and future. 


GENERAL 


The Hydro-Electric Power Commission was established in 1906 by an enactment 
of the Ontario Legislature. This provincial «Act to Provide for the Transmission of 
Power to Municipalities» received Royal assent on May 14, 1906. The Commission 
Hyphenated is a corporate entity, a selfsustaining public concern endowed under 
the Power Commission Act with broad powers to produce, buy and deliver electricity 
throughout the Province and to exercise certain regulatory functions with respect 
to the large group of municipal electrical utilities which it serves. This enterprise, 
administered by the Commission, is generally referred to as the Ontario Hydro. 

Ontario Hydro operates 65 hydro-electric and two major thermal generating 
stations. At the end of 1956 our installed capacitya mounted to 4,552,100 kilowatts 
which supplies 90 per cent of the primary energy consumed in Ontario. Ten separate 
projects are newly authorized or under construction, with a capacity of 2,300,000 
kilowatts which will bring our total installed capacity up to almost 7,000,000 kilo- 
watts during the next four-year period. 


INTRODUCTION 


The Province of Ontario covers a total area of 412,600 square miles of which 
approximately 88 per cent is land area and the remainder lakes and rivers. The 
province extends 1,000 miles from east to west and 1,050 miles”north to south. 
The mean annual precipitation varies from 25 inches in the western portion of the 
province to 30 to 35 inches in the eastern and southern portions. The mean annual 
snowfall in the western extremity of the province is 70 inches increasing easterly to 
120 inches on the north shore of Lake Huron and decreasing to 40 inches in the 
extreme southern portion of the province. 

The topography of the province is quite varied. An extensive area of land bor- 
dering on James Bay and Hudson Bay is low and swampy. A height of land runs 
generally east and west just north of Lake Superior; elevations in this region are 
in the neighbourhood of 1,000 feet and over. The land slopes very gently from this 
height of land to Hudson Bay and James Bay. The eastern portion of Ontario is 
relatively low level land draining into the Ottawa and St. Lawrence rivers. Most 
of this area is between 200 to 300 feet above sea level rising 400 to 500 feet north 
of Lake Ontario. The highest land areas in the southern portion of the province 
lie immediately south of Georgian Bay with elevations ranging from 1,400 to 1,700 
feet. A remarkable feature is the Niagara escarpment with a height of 250 to 300 
feet and extending from the Niagara peninsula northeast to the Bruce peninsula. 
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(As a matte of interest this escarpment in the Niagara Falls area has made possible 
Ontario Hydro power installations of upward of 2.4 million horsepower). 

As previously mentioned the mean annual snowfall varies from 40 to 120 inches 
in the province. In that area of the province north of the 45° parallel of latitude the 
snow normally accumulates through the long winter months and then with the progress 
of the 32° isotherm northward melting takes place commencing March through 
May. The subsequent runoff, in the main, fills the Storage basins which are used 
to generate hydro-electric energy. To the Ontario Hydro this area in question 
represents over 2 million installed horsepower. Because of this productive capacity 
it is essential that reasonable estimating of the amount of this runoff by made avai- 
lable before it occurs. Only by an intensive program of snow surveys, coupled with 
sound statistical runoff-snow relationship, can this runoff amount be determined. 


With this in mind snow surveys have been made continuously by Ontario Hydro 
personnel since 1931. 


SNow COURSES 


Since the first surveys were initiated in 1931 the expansion of the survey has 
been gradual, but steady. By 1936 observations were made at 24 locations throughout 
the province. This past winter regular measurements were made at 57 courses through- 
out the province. At 35 of these courses Hydro personnel double as snow surveyors, 
7 courses are surveyed by local personnel trained by Generation Department snow 
surveyors and 12 courses are surveyed by personnel of the Provincial Department 
of Lands and Forests, also trained by Generation staff. 

All snow courses operated by Ontario Hydro consist of 31 observation points, 
100 feet apart, along a 3,000-foot course over terrain which has been selected, by 
ground and air survey, as being representative of the watershed in which the surveys 
are to be made. Each observation point is marked with aluminum tags nailed loosely, 
in order that tree growth will not explode the tag from the tree, to the tree nearest 
each observation point. The course need not be a tangent or straight line and is 
chosen in an area which will remain unchanged for years to come. 


EQUIPMENT 


The type of equipment presently in use is adapted from the Mount Rose snow 
sampler. Where the Mount Rose is steel throughout, the type we use (sometimes 
referred to as the Federal equipment) is made of duraluminum tubing. It comes 
in 2-1/2-foot sections, into the lower end of the first section of which is shrunk 
fit a 1.485-inch (inside diameter) case hardened, cold rolled steel snow cutter. Tube 
sections may be assembled in various lengths as each section is made with threaded 
couplings of duraluminum. In Ontario our maximum depth of snow has yet to 
exceed 5 feet, consequently our snow survey sets are only provided with two lengths 
of tube. Each tube has a number of offset slots throughout its length which provides 
a means for examining each core for length and snow structure. The outside of the 
tube is marked off in inches and half inches to provide depth readings. 


THE BALANCE 


The balance which is also made of duraluminum is tubular in shape and short 
for convenience in carrying and handling. It requires a minimum length of 5 feet 
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of tubing to register on the scale and has a weighing capacity of 12.5 feet of tubing. 
The balance is graduated to weigh in ounces and since the snow cutter cuts a snow 
core 1.485 inches in diameter, the scale reading is equivalent to depth in inches of 
the water in the sampled snow cover. 


WIRE CRADLE 


A wire cradle is provided for supporting the tube while it is being weighed. 


WRENCHES 


A pair of spanner wrenches are also furnished with the equipment. They are 
steel and are used for uncoupling the sampler. Holes into which they fit are required 
in both ends of each coupling. 

Driving wrenches are required in great depths of snow and as such depths are 
not encountered in Ontario these are dispensed with. 


CANVAS CARRYING CASES 


Canvas cases of fireproof and rot-proof canvas are provided with individual 
pockets for each part of the equipment. Straps are attached to the case which 
permits carrying similar to a golf bag. This leaves both hands free. 


CARE OF EQUIPMENT 


Snow sampling equipment is designed to withstand rough traetment. Neverth- 
eless, in some respects. it is delicate and should have the best care possible. As well 
as care in the field, once a year the equipment is returned to head office where the 
scales are checked for accuracy and the whole equipment inspected, repaired where 
necessary, and returned to the field station prior to the next year’s survey. 


SNOW SURVEY PROCEDURE bs 


Briefly the procedure for taking a snow survey is as follows: 

At each of the 31 observation points in a snow course, the sampler tube is 
carefully pushed, perpendicularly into the snow mantle, with a slight twisting action 
to cut through the crusts. When the ground level is reached the snow depth is observed, 
using the graduations on the tube, and recorded. The tube is pushed a little further 
into the ground in order to.pick up an earth plug. This ensures that the snow core 
remains in the tube when the tube is being removed from the snow pack. This is 
particularly important late in the winter when the snow is granular in structure. 
After the tube is removed from the snow the earth plug is removed and the weight 
of the tube and snow core in ounces is determined. The weight of the empty tube, 
measured before obtaining a core, is subtracted from the weight of tube plus snow 
thus yielding the weight of the snow in ounces and water content in inches. Before 
weighing the core it is examined to determine its general characteristics. On the 
average the core length should be at least 75 per cent of the snow depth. Compacuoa 
of the snow in the tube causes this difference. 
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After completing the 31 observation points averages are taken of depth and 
water content and these figures represent the depth and water content for the course. 

Field note paper and books are provided and a recent innovation is a covering 
sheet which lists various data regarding weather, air temperature, etc., which the 
surveyor fills out before returning to his base. At home base a copy of his results 
are forwarded immediately to head office. This is done by mail and in isolated locations 
where mail service is slow, radio and telegraph is also used to transmit the results. 


TIMES OF SURVEYS 


Snow surveys are taken once or twice a month commencing in the early winter — 
generally January Ist. At the end of the season, however, from the start of the snow 
melt period to its conclusion, surveys are taken as frequently as once a week. This 
is of considerable aid in regulating the rate of storage build up in the Commission 
reservoirs. 


Use oF SNOW SURVEYS 


No final equations have been derived at present for the snow water content 
versus spring runoff because the record for the most part is still of too short a period 
to yield any reliable statistical parameters. However, for the records available, 
averages have been computed which are used as an indication of spring supply in 
conjunction with other observed natural phenomena. 

A further use is being made of snow survey data and that is the injection of the 
weighted mean water content from a given watershed into a statistical precipitation- 
runoff relationship. This is usually done by replacing one of the months of effective 
precipitation by the weighted mean water content of the first of the month following. 
This has proven quite successful in one of the Commission’s watersheds and as 
each year goes by it is hoped, that with a goodly accumulation of snow data, the 
role of snow in the spring runoff will become more clearly defined. 


CONCLUSIONS 


To the hydrologist, most of his water problems arise from a lack of knowledge 
of future precipitation. In such a climate as ours, where the bulk of the spring runoff 
is from a snow pack which has been accumulating all winter, the effect of rainfall 
at the time of snow melt is also a major factor in producing excessive runoff condi- 
tions. The role of the meteorologist in this regard is of the utmost importance. 
Long-term precipitation forecasts of reasonable accuracy must be made available 
to the hydrologist in order to arrive at a more positive and efficient forecast. With 
the aid of high-speed computers it has now become a relatively simple and mechanical 
operation to integrate a forecast of precipitation with runoff on a statistical basis. 
Herein lies the challenge! ; 
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MEAN DURATION AND ACCUMULATION 
OF SNOW COVER IN CANADA 


J. GY POTTERS @) 
Meteorological Branch, Department of Transport, Toronto. 


ABSTRACT 


With the numerous meteorological observing stations established in Northern 
Canada during the war years, and the more detailed observing program for snow 
cover adopted in 1941, data are not available for the first time on the mean duration 
and accumulation of the winter’s snow cover. Data for 15 winters serve as the basis 
for discussion of the general features of the duration and depth of snow cover in 
Canada. Among the charts included are those illustrating the mean dates of the 
beginning and ending of the winter snow cover, annual duration of snow cover, and 
the mean accumulation of snow on the ground. 


Routine daily measurements of the depth of snow cover was begun at first order 
weather observing stations in Canada in 1941. Prior to that year the amount of 
freshly fallen snow was measured regularly at all stations, while the accumulation 
of snow on the ground was only recorded each monday morning and at the end of 
the month by the majority of stations. Any attempt to describe snow cover over-all 
of Canada prior to 1941 is also impossible due to the lack of data from northern 
regions. Many of the observing stations in the northern sections of the mainland 
and in the southern Arctic islands were established about this time and, with the 
establishment of the Joint Arctic Weather Stations in the northern islands after the 
end of World War II, data from all parts of Canada became available. 

In measuring the depth of the snow cover the observer is instructed to take a 
series of measurements in an area chosen with a view to avoiding drifts and report 
the average depth in inches. At exposed observing sites, especially in the prairies 
and in the Arctic where strong winds may drift the snow into gullies and the lee of 
obstructions leaving most of the ground relatively bare, it is extremely difficult to 
make representative observations. 

After daily observational data on snow cover for ten winters became available 
they were summarized and the main features of the results presented-(1). The following 
description is based on data for fifteen winters beginning with that of 1941-42. In 
the figures the isolines are based on data from regular weather observing stations. 
In the mountainous areas of western Canada they will be generally representative 
of valley conditions, and no attempt has been made to include the rapid change 
with height which occur in such regions. Due to the scale of the figures it is also impos- 
sible to include the permanent snow fields which exist on the higher elevations of 
the Arctic Islands and in the western mountains. 

In Fig. 1, isolines are drawn for the beginning of the season of snow cover. 
This first accumulation of one inch or more of snow on the ground may melt away 
and form anew once or several times before the continuous snow cover of mid-winter 
appears. The mean date of occurrence of the first snow cover varies by four months 
throughout Canada. In the northern half of the Arctic Archippelago September is 
the month with the greatest mean snowfall, although heavy snowfalls may occur 


(*) Published with permission of the Director of the Meteorological Service 
of Canada. 
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MEAN DATE OF 
FIRST SNOW COVER 
OF ONE INCH OR MORE 


FIGURE 1 


during the summer months of July and August. The mean date on which the snow 
on the ground first accumulates to a depth of one inch at Alert, on Ellesmere Island, 
the most northerly weather station in Canada, is August 25th. By the end of September 
almost all the Arctic Islands are snow covered. 

During October the return to winter conditions, as indicated by the first snow 
cover, occurs in over one half of Canada. Between Hudson Bay and the Rockies 
the time of first occurrence is remarkably uniform. The difference in the time occur- 
rence of the first snow cover along the Arctic coastline and the southern border of 
the Prairie provinces — almost 20° of latitude — is approximately five weeks. In the 
foothill country of Alberta the higher elevations experience early heavy snowstorms 
which give a temporary snow cover. Thus at Calgary, in the foothills in southern 
Alberta, the first snow cover occurs just twelve days later than at the mouth of the 
Mackenzie River within the Arctic circle, over one week earlier than in the vicinity 
of Great Bear Lake, and slightly more than three weeks earlier than over the prairies 
at the same latitude. 

In eastern Canada. owing to differences in elevations and the warming effect 
of large bodies of water, the pattern is more complex. By the end of September 
the first snow cover is likely to have occurred on the northern slopes of the interior 
highlands of Quebec. At the same latitude along the shore of Hudson Bay the relative 
warmth of the waters in Autumn retards the formation of snow cover until two 
weeks later. In the more densely settled areas of eastern Canada the first snow cover 
is normally observed in November, except on the shores of the lower Great Lakes 
and along the Atlantic coast of Nova Scotia, where it does not normally occur until 
early in December. 

The mean accumulation of snow on the ground near mid-winter is illustrated 
in Fig. 2. The most striking feature is that there are very few sections of Canada 
which do not have more snow on the ground in mid-winter than the islands of the 
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FIGURE 2 


Arctic Archipelago bordering on the polar sea where the normal accumulation by 
the end of February is less than 10 inches. Over the barren ground west of Hudson 
Bay and the three Prairie provinces the snow cover is remarkably uniform. It is 
normally close to twenty inches in depth. From Ontario eastward the winter preci- 
pitation is greater due to the more frequent passage of cyclones with warm moist 
air in their warm sector. While precipitation is greatest in the southeast over the 
maritime provinces and St. Lawrence valley, the accumulation of snow on the ground 
in these sections is frequently diminshed by periods of melting. Thus the greatest 
accumulation of snow occurs north of the St. Lawrence valley and Great Lakes 
is in a region with lower winter precipitation, but with temperatures low enough to 
insure that the precipitation falls as snow and is not likely to be depleted by melting. 
It averages over 40 inches in parts of northern Ontario and over 50 inches in parts 
of central Quebec. 

The average of the greatest depth of snow observed during each winter has been 
illustrated in Fig. 3. This greatest accumulation usually occurs in January along the 
Pacific coast, during February in the remainder of southern Canada, and later at 
higher latitudes, until in the Arctic Archipelago the greatest snow depth of the winter 
usually occurs in May. 

In the Arctic Islands, except for the eastern side of Baffin Island, the mean 
maximum depth is between 10 and 20 inches and depths greater than 2 feet are very 
unlikely. Storms passing northward through Davis Strait cause heavier snowfall 
on the shores of Baffin Island. There the average maximum snow depths vary from 
20 to 40 inches, and have exceeded 5 feet in unusual winters. 

In the extensive region from Hudson Bay to the Rockies the means of the maxi- 
mum depths are again fairly uniform. The greatest depths observed during fifteen 
winters are close to 3 feet throughout this area. except in southern Alberta and 
Saskatchewan where they are closer to 2 feet, and nearer 4 feet on the shores of 
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FIGURE 3 


Hudson Bay and central Manitoba. The mean maximum depths are greater over 
most of eastern Canada where the accumulation of snow in a normal winter is greater 
than 40 inches northeast of Lake Superior and greater than 50 inches over large 
areas in northern Quebec and Labrador. Extreme depths of 5 feet have occurred 
in northern Ontario and from 7 to 8 feet in Quebec and Labrador north of the Gulf 
of St. Lawrence. Fig. 3 does not show the region of the greatest accumulation, as 
large areas of the higher elevations of the coast mountains in British Columbia are 
covered each winter by more than 30 feet of snow. 

The change from winter to spring conditions with the melting of the snow does 
not coincide in Canada with the official change of season in March. Fig. 4 illustrates 
the mean date of the last snow cover of one inch or more. In most regions this 
date would be one to two weeks later than that of the disappearance of the conti- 
nuous snow cover which exists throughout the winter over most of Canada. It is usual 
for the continuous snow cover of winter to be almost melted over the agricultural 
areas of the Prairies by the end of March, but snowstorms occurring during the spring 
give a mean date for the end of the snow cover season from the middle to the end of 
April. As in the beginning of the season, there is an unusual uniformity over many 
degrees of latitude in the end of the season of snow cover over the Prairies and 
in the Mackenzie Valley. 

In eastern Canada the end of the season of snow cover is delayed much later 
than over the Prairies at the same latitude — the result of greater accumulation 
during the winter and lower spring temperatures due to more frequent outbreaks 
of Arctic air in spring. Its northward shift is very slow during April and the first 
half of May when the deep accumulation of snow over Quebec and northern Ontario 
is melting. With increasing hours of sunshine in late May and June the last snow 
cover disappears over large areas in northern Canada. By July Ist snow will normally 
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FIGURE 5 
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be found only on the islands adjacent to the Polar Sea and in the permanent snow 
fields elsewhere. 

Unlike Fig. 1 and 4 which were based on the beginning and ending of the season 
of snow cover, Fig. 5 is based on’ the mean annual number of days with one inch 
or more of snow on the ground. There are regions along the Pacific coast where 
one half the winters pass without one inch of snow accumulating on the ground, 
while along the outer fringe of the Arctic Archipelago the ground is free of snow for 
about 70 days during their short summer. The duration of snow cover is greater in 
eastern Canada than at the corresponding latitude in western Canada just east of 
the Rockies. For example, the isoline for 160 days which dips southward to 50° 
in Quebec and Ontario is approximately 10° farther north in Alberta. If the isoline 
for snow cover for one half the year had been included on this figure it would have 
nearly divided Canada into two equal parts depending on whether the ground is 
snow covered or bare for the greatest portion of the year. In eastern Canada such 
a division extends from just north of the Gulf of St. Lawrence to James Bay, while 
in Western Canada almost all of the provinces of British Columbia, Alberta, and 
Saskatchewan are without snow cover for more than half of the year. 

It was noted earlier that these figures are based on data for 15 winters, while 
that for the first 10 winters of the period had been similarly mapped. The addition 
of data for the past 5 winters has not significantly changed the results and it is hoped 
that the mean conditions portrayed here are thus close to normal. 

In this general discussion of snow cover in Canada, no mention has been made 
of the water content of the accumulated snow. The regular data collected by the 
Meteorological Branch do not include this measurement. The National Research 
Council, with the co-operation of the Meteorological Branch, has carried out surveys 
of the physical characteristics of the snow cover and from them information on the 
average density is available. (*) 
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MEASUREMENT OF THE SNOW-WATER-CONTENT 
WITH THE USE OF RADIOCOBALT 


Inc. JAROSLAV MARTINEC 
The Hydraulic Research Institute in Prague 


ABSTRACT 


A new measuring method based on the absorption of gamma-rays by water is 
investigated to improve the quality and quantity of data of the snow-water-content 
in the mountain regions, which are needed for operation of the reservoir system on 
the Vitava river in Czechoslovakia. 

In recent years experiments in the Krkonose-mountains have been carried out. 
For a given arrangement of the measuring device the absorption coefficient for water 
has been found to be a constant for all snow-layers up to the water equivalent of 
52 inches (132 cm). The values of this coefficient were similar to those obtained in 


California, where this method has been first adopted, and very close to the theoretical 
value. 


In the winter season 1955-1956 the experimental snow-gaging station in the 


height of 4600 feet (1410 m) was in action during 5 months with the whole construction 
snowed up for some time. 


In order to examine the accuracy of the results continuous measurements of the 
gamma-radiation and of the cosmic background were made and the statistical 
deviations of the radiation investigated. Relationships between the duration of a 
single measurement, the intensity of the gamma-radiation and the accuracy of the 
result have been derived. 


INTRODUCTION 


In many parts of the world predictions of the runoff from snowmelt have been 
used for operation of multi-purpose reservoirs. With the construction of the reservoir 
system on the Vlitava river in Czechoslovakia in progress, forecasts of the streamflow 
from the water stored in the snow packs are studied. As it is often the case, only 
limited data of the snow-water-content in the mountain areas could be obtained 
by standard procedures (the melting or weighing method). Therefore a new method 
using the principle of absorption by water of gamma-radiation is investigated. 


THE PRINCIPLE OF THE METHOD. 
The principle may be briefly summarized as follows: The gamma radiation 
passing through a snow pack is absorbed in accordance with the equation: 
Soe (1) 
where J, is the intensity of the incident radiation 
J, is the reduced intensity of the radiation after penetrating the snow pack 
uw is the absorption coefficient for water 
x is the water equivalent of the snow pack 
Thus it is possible to express the measured intensity of the radiation in terms 
of the snow-water-content regardless to the density of the snow pack. 
The theoretical approach to the problem has been outlined in the article of 
R.W. Gerdel, B.L. Hansen and W.C. Cassidy (*) in which the first application of 
this method in California was described. This paper contains experimental results 
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concerning especially the values of the absorption coefficient and the accuracy of 
measurements. 


RESULTS OF EXPERIMENTAL MEASUREMENTS. 


Preliminary investigations were carried out in spring 1955 in the Krkono¥e 
mountains in the height of 1150 m (3800 feet). The radioactive source, 15 millicuries 
of the radioisotope Co 60, was installed beneath a 100 cm (40 inch) snow pack. The 
radioisotope was enclosed in a lead shield which was so designed, that the collimated 
beam of the radiation penetrating the snow pack was only slightly larger than the 
Geiger-Miiller tube, which was suspended above the snow pack in the distance of 
200 cm (6 % feet) from the radioactive source. The intensity of the radiation was 
measured by counting the pulses of the Geiger-Miiller tube on a decimal scaler. 
The snow pack between the radiaoctive source and the tube was gradually reduced 
and the corresponding snow layers were melted into water for comparison. Results 
of these measurements are presented in Table 1. 


TABLE | 


Snow-water-content measurements in the Krkono§e mountains in 1955 


Depth of Water Content Counting rate 
the snow pack measured by melting per minute 
cm inch cm inch 
100 39,4 Ska 22,6 1091 
90 35,5 52,4 20,6 1574 
80 B15 46,6 18,4 1884 
70 27,6 40,2 15,8 2413 
60 23,6 34,8 13,7. 3112 
50 19,7 28,5 1152 3951 
44 17,4 25,0 9,8 5155 
39 15,4 23,8 9,4 5668 
34 13,4 21,0 8,3 6583 
29 11,4 18,2 M52 7080 
24 9,5 15,6 6,1 8081 
19 7,5 12,8 5,0 8709 
14 535 9,6 38 10735 
9 3b5)p) 6,2 2,4 11869 
0 0 0 0 15322 


The points plotted in Figure 1. follow the equation (1) with the absorption 
coefficient 4 = 0,044/cm (0,112/inch). 

In the winter season 1955-1956 an experimental snow-gaging station was built 
up in the KrkonoSe mountains in the height of 1410 m (4600 feet). This time the 
radioactive source consisted of 30 mc Co 60. The Geiger-Miiller tube was suspended 
ona construction 3m (9 feet 10 inches) above the soil surface. First of all the calibration 
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Fig. 1 — Snow-water-content measurements in the Krkonoge-mountains in 1955. 


counts per minute 


curve indicating the relation between the counting rate and the height of the water 
column was determined by introducing measured depths of water in a wooden pail 
installed between the radioactive source and the Geiger-Miiller tube. The curve is 
presented in Figure 2.. For the highest water columns it was extrapolated. This time 
the absorption coefficient u. = 0,061/cm (0,154/inch) was calculated. 
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Fig. 2 — Snow-water-content measurements by melting and by radiocobalt in the 
Krkonoge mountains 1955-1956. 
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The measurements of the snow-water-content which were carried out from January 
12 th until June Ist are presented in Table 2. 


TABLE 2 


Snow-water-content measurements by melting and by radiocobalt in the Krkonoge 
mountains 1955-1956 


eS 


Snow-depth Water Distance Decay Counting Corrected 
Date content correction corr. rateper counting 
a) 3 min. rate per 
cm inch cm inch b) 3 min. 
1955 
Dal OmanOs2, 2D 07-2053 1,0 1,0 17116 17116 
1956 
12.1 210 82,9 74 29,1 1,0 1,025 175 179,4 
14a 234 92,1 825543255 1,0 1,025 113 115,8 
28.2. 245 96,5 106 41,7 0,7 1,04 36,6 26,6 
28.3245 96,5 112 44,1 0,7 1,05 18,6 1337 
Al Deas 2235) 92,5 BZ 52,0 0,97 1,06 6,45 6,6 
30.5. 106 41,7 62 24,4 0,97 1,08 342,2 359,3 
BIS. 69,5 27,4 41 16,1 0,97 1,08 1252,4 1315 
1EG; 62 24,4 36 14,2 0,97 1,08 1854 1947 
1.6. 35 13,8 20,3 8,0 0,97 1,08 5169,4 5428 
1.6. 22 8,7 13 Sil 0,97 1,08 7863 8256 


(To Table 2.) 
a) the respective distances of the Geiger-Miiller tube were 300 cm, 250 cm and 295 cm. 


b) Cosmic background subtracted. 


Before these results could be confronted with the calibration curve it was necessary 
to compensate for the decay of the radioctive source. The counting rates were also 
corrected with regard to some changes of the distance between the radioisotope 
and the Geiger-Miiller tube, due to the deformation of the construction by snow. 
The correction coefficients are listed in Table 2. Further it was necessary to subtract 
from the total counts the cosmic background which could not be neglected as in 
the previous case in view of the reduced counting rates at the deepest snow packs. 
The comparative points which were obtained by sampling and melting the corres- 
ponding snow layers are plotted in Figure 2. 

The unexpected heavy snowfalls in January and February caused the deformation 
of the construction which was snowed up for the greater part of the winter season. 
Of course, only the snow layer between the radioisotope and the Geiger-Miiller 
tube was actually measured during this period. 

In view of this experience a modified construction for holding the Geiger-Miiller 
tube was designed by Ing. V. Sotornik. (Figure 3). Calibration measurements for 
this device were carried out in January 1957 in the KrkonoSe mountains in the 
height of 850 m (2800 feet) with results presented in Table 3 and Figure 4. 
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Fig. 3 — Field installation radioactive snow-gage. 
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Fig. 4 — Calibration measurements in January 1957. 
TABLE: 3. 


Calibration measurements in January 1957 


Depth of Counting rate Depth of Counting rate 
water per minute water per minute 
cosmic backgr. cosmic backgr. 

cm inch subtracted cm inch subtracted 
0) 0 14411 2457 8,5 3799 
2,7 re 12035 2957 ALE 2326 
327. 135, 11391 38,5 1%5I 1370 
8,7 3,4 7783 48,1 18,9 707 

14,2 5,6 5829 


The distance between the Geiger-Miiller tube and the radioactive source (22 mc 
Co 60) was 2,5 m (8 feet 2 inches). Again a good agreement with the Eq. (1) was 
obtained and the absorption coefficient ~ = 0,062 /cm (0,157/inch) calculated. 


APPLICATION OF STATISTICAL THEORY TO MEASUREMENTS OF GAMMA RADIATION. 
When the intensity of gamma radiation is measured by counting the pulses 
on a decimal scaler, the results of repeated measurements are somewhat different 


due to statistical fluctuations of the radiation. When the counting interval becomes 
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shorter and the measured intensity of radiation smaller, the relative deviations 
of the results become larger. The relation between the length of the counting interval 
and the accuracy of the result has been investigated in order to save time on routine 
measurements and to make the best use of the Geiger-Miiller tube which has a 
limited life. During the operation of the experimental station in 1955-1956 a series 
of continuous measurements of the gamma radiation and of the cosmic background 
was carried out. During each experiment lasting one hour the partial increases of 
the total counts were noted every 10 seconds. Thus 360 values of partial intensities 
were obtained and treated by the statistical procedure which has been applied by 
Prochazka (@) for investigation of accuracy of water-velocity measurements. 

This experimental evidence indicates that the partial increases of total counts 
are mutually independent and that they fluctuate about their mean value in accor- 
dance with the law of normal error. An axemple is presented in Figure 5. 
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Fig. 5 — A comparison of the fluctuations of gamma radiation with the law of 
normal error. 


Therefore we may write: 


a, (¢ : =a) 
a a rT a 


where T is the period of time over what a measurement must be made in order tha 
a desired accuracy of the result can be reached. 
zt is the partial time interval 10 sec. 
x is the value of the normal-error function for a given probability 
C. is the coefficient of variation (the ratio of the standard deviation to the 
mean of the series). 
p is the accuracy of the result. 
From tables of the normal probability-integral 


+x x2 
1 me 
0) = Fe f ea (3) 
a0 


it is found that for the selected probability 0,90 the value of x is 1,645. This means 
that with the probability of 90 pct the given accuracy will be attained. 

The values of C, were investigated for various depths of snow and accordingly 
various intensities of gamma radiation. It was found that a relation existed which 
was expressed by the method of least squares: 


Cy, = 0,873 y—9A2 (4) 


where y is the mean number of pulses per 10 sec. 
In the value of y the cosmic background is included. By eliminating the cosmic 
background the following equation for the gamma radiation alone was derived: 


C,= > (5) 


The intensity of fluctuation characterized by the coefficient of variation is inver- 
sely proportional to square root of the intensity of gamma radiation. 

In a paper just published by Kursin and Michajlovskij (*) a similar relation 
was used in measuring the beta radiation. 

For a given accuracy we obtain from Eqs. (3) and (4): 

(Was. y 984 (6) 
where A comprises all constants. 

This relation between the intensity of gamma radiation (the cosmic background 
included) and the necessary duration of a single measurement for various values 
of desired accuracy is demonstrated in Fig. 6. 

It should be remembered that Eqs. (4,5, 6) were derived on the experimental 
station in 1955-1956 and need further verification in case they should be used for 
other arrangements of the measuring device. 
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Fig. 6 — Relationships between the duration of measurement, and the intensity 
of gamma radiation for various values of desired accuracy. 
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CONCLUSIONS. 


The results of experimental measurements presented in this paper indicate the 
suitability of the radioisotope Co 60 for measurements of the snow-water-content. 
Snow packs with the water equivalent up to 132 cm (52 inches) have been measured 
the absorption coefficient remaining a constant for all snow layers regardless of 
their depth (6 cm—245 cm, 2,5 inches—96,5 inches) and density (11 pet—60 pct). 

The operation of an experimental snow-gaging station under unfavourable 
weather conditions in the winter season 1955-1956 provided the experience for the 
design of a reliable field equipment. 

With this arrangement of the measuring device a close agreement of the absorp- 
tion coefficient 4, = 0,062/em (0,157/inch) with the theoretical value of 0,063/cm 
(0,160/inch) was reached. 

The application of statistical theory made it possible to derive the relationships 
between the duration of a single measurement, the intensity of the gamma radiation 
and the accuracy of the result. By this procedure the duration of counts for routine 
measurements on a snow-gaging station can be economically determined. 

As the pulses may be transmitted by radio, a radio communication system would 
be a suitable contribution to this method when applied for streamflow forecasting. 

The radioactive snow gage may also be used on meteorologic stations for 
studies of snow properties without disturbance of the snow cover. 
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FORECASTING THE SUMMER RUNOFF 
OF THE RHINE RIVER 


J. E. CHURCH 


SUMMARY 


THE RHINE: The Rhine Basin comprises two distinct areas, viz., the Swiss 
or Upper Rhine and the Lower Rhine. The Swiss Rhine comprises only 22.5 percent 
of the entire basin but provides 43.0 percent of the annual runoff. On the basis of 
precipitation measurements, the efficiency of its annual runoff is 72.9 per cent as 
compared with 25.8 per cent on the Lower Rhine. This is even higher than the 67 per 
cent efficiency estimated for deep-snow runoff in the Central Sierra Nevada of North 
America. Switzerland is plainly a land of deep snow and shallow soil. The Lower 
Rhine, on the other hand, is an area of rain or quickly melting snow and deeper soil. 
Snow surveys would seem therefore to be restricted to the Upper Rhine, and the more 
stable forecasts would be confined there. 


(American Philosophical Society Year Book 1956) 


The Rhine River first came into prominence in streamflow forecasts in 1944 at 
the invasion of Germany during World War II but military needs almost immediately 
gave way to those of irrigation and power. 

At the International Association of Hydrology at Oslo in 1948 Dr. Erwin Hoeck 
of Switzerland presented a plan for forecasting the runoff of the River Linth into 
Lake Ziirich and Dr. J. Th. Thijsse of Netherlands pointed out the need of fore- 
knowledge of the summer flow of the Rhine in order to maintain essential levels 
in the fresh-water Ijssel Lake for irrigating the reclaimed areas in the Zuider Zee. 

Impelled by my recent snow-survey studies in the Himalaya and southern 
Andes, I visited Dr. Hoeck and other colleagues in Switzerland to analyze the character 
of the Rhine. 

A close harmony in runoff was found to exist between the feeders of the Swiss 
Rhine and the Rhine at Basel and also the Rhone at Geneva. Furthermore it appeared 
that a snow survey even at the source of the Rhine above Lake Constance should 
be accurate within 15 percent for all of these streams during 4 years out of 5 with 
a maximum error of 35 percent in 21 years. The area involved was 100 x 150 miles 
but the snow cover probably represented the basic downstream summer flow. The 
basins studied were the Rhine above Lake Constance, the Linth above Lake Ziirich, 
the Reuss at Lucerne, the Aar at Berne, and the combined Swiss Rhine at Basel or 
Rheinfelden. 

Dr. Hoeck, who was Chief of the Hydrology Section of the Swiss Research 
Laboratory of Hydraulics and Earth Mechanics at Ztirich undertook the task of 
developing a snow survey system for the Swiss Alps with the assistance of the Swiss 
Avalanche Laboratory at Weissfluh-Joch, Davos, which was conducting surveys of 
snow-texture in avalanche areas for the purpose of forecasting snow-slides. 

The three-years results with comparisons based on the previous period beginning 
1927 were prepared by Dr. Hoeck for presentation at the International Association 
in August at Brussels. The report bears the title, «La Prévision du debit estival de 
quelques riviéres suisses par la méthode de corrélation a plusieurs variables» (The 
Forecasting of the Summer Delivery of Some Swiss Rivers by the Method of Corre- 
lation of Several Variables). But a fatal recurrence of cardiac embolism in the field 
at Chur in July prevented his expansion of the work. It must now be left to others. 

The Main and the Moselle Rivers and minor neighboring tributaries below 


Dil 


Basel were left to me as my share in the cooperative plan. They are fed apparentiy 
by rain or quickly melting snow and their total flow in summer is less than that of 
the upper or Swiss Rhine. Eager cooperation has been afforded by Dr. Hoeck and 
by Dr. W. Friedrich of the Bundesanstalt fiir Gewasserkunde at Bielefeld, Germany 
and the Meteorological Service of France, including Prof. Maurice Pardé of the 
Institut de Géographie Alpine at Grenoble and Prof. J. P. Rothé of the Institut de 
Physique du Globe at Université de Strasbourg. My study, altho supplementary 
to the Swiss Rhine, must necessarily include all of the sources that ultimately merge 
in the Lowest Rhine. Moreover, because of the shortness or entire lack of snow 
survey records, dependence must be placed on precipitation records, with an accom- 
panying lack of precision. 


THE HYDROLOGY OF THE RHINE BASIN 


In streamflow efficiency or quantity of water supply, the Rhine Basin comprises 
two distinct areas, viz. the Swiss or Upper Rhine and the Lower Rhine. As shown 
in Table I, the Swiss Rhine comprises only 22.5 percent of the entire basin but 
provides 43.0 percent of the annual runoff. On the basis of precipitation measurements, 
the efficiency of its annual runoff is 72.9 percent as compared with 25.8 percent on 
the Lower Rhine. This is even higher than the 67 percent efficiency estimated for 
deep-snow runoff in the Central Sierra Nevada of North America. Switzerland is 
plainly a land of deep snow and shallow soil, The Lower Rhine, on the other hand, 
is an area of rain or quickly melting snow and deeper soil. Snow surveys would seem 
therefore to be restricted to the Upper Rhine, and the more stable forecasts would 
be confined there. 

Complexities appear, moreover, thruout the basin. On the basis of 3 precipi- 
tation stations on the Moselle-Meurthe | on the Main, and 6 in Switzerland (Table 2), 
the heaviest annual precipitation is on the Moselle-Meurthe 1775 mm (69.2 in.) and 
the lowest is on the Main 918 mm (35.8 in.). In Switzerland the average is 1236 mm 
(48.2 in.). The heaviest precipitation is 1819 mm at Eigergletscher at 2323 m (7600 ft.) 
above sea level but this is slightly exceeded in the Moselle by 2411 mm at Lac d’Alfeld 
at the comparatively low clevation of 620 m (2000 ft.) in the French Vosges. 

The distribution of precipitation also is not conducive to forecasting streamflow 
tho downstream its evenness does assure continuous power. In Switzerland the 
precipitation is heaviest in midsummer and increases from 37.6 percent of annual 
during the 6 winter months of October-March to 62.4 percent during the summer 
months of April-September, the period for which exact forecasts are desired. Below 
Switzerland, the precipitation is nearly uniform thruout the year. 

The runoff pattern also follows the precipitation pattern closely even in the 
Swiss or snow sector, as seen in the following excerpt based on percentage of annual 
from Table 1. 


Sector Precipitation Runoff 
Winter Summer Winter Summer 
Swiss 37.6 62.4 hee 62.8 
Main 49.8 49.8 61.3 38.8 
Moselle-Meurthe 54.7 45.3 56.1 44.0 
Total Rhine 48.8 = kei 52.8 47.2 
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The monthly runoff seems also to parallel the precipitation (Tables 2 and 3) 
except on the Main, where runoff exceeds precipitation in January thru April and 
falls below it the remainder of the summer. The parallelism seems remarkable in 
Switzerland in the presence of the obvious accumulation of snow in the winter and 
melting in the summer. The open-water area that would melt and deliver the snow 
as it falls should, however, scarcely exceed 4 percent of the basin. On the other hand, 
retention by dams seems slight. 

Exact figures are not available. The great lakes of Constance, Ziirich, Lucerne, 
and Neuchatel cover 375.75 sq. mi. Thun, Brienz, Wallen, Sempach cover 52 sq. 
mi. each, No others exceed 4 sq. mi. This might make a total of 500 sq. mi. in 
14,000 sq. mi. of basin. 


Tue BAsis oF SNOW SURVEYING 


The unique value of Snow Surveying as compared with accumulated measure- 
ments of intermittent precipitation lies in the net efficiency of the snow cover as a 
source of water and the relative ease of measuring its potential at the end of the 
season of accumulation and beginning of seasonal flow. 

This measurement in terms of water equivalent of a few fixed courses in each 
watershed is reduced to seasonal percentage and correlated with the runoff of the 
stream at the base of the snow cover. This has been called the percentage or Nevada 
method in token of the place of its development. 

Close correlation of snow cover and runoff is rendered easy by the relatively 
stable winter precipitation over the watershed. For example, in the Truckee River 
Basin of California-Nevada during 25 years a single snow course at Donner Pass at 
the head of the basin indicated the snow-melt runoff (April-July) 14 times within 
10 percent of actual. Furthermore, the snow cover over several adjacent basins 
maintains a seasonal uniformity within 25 percent of each other for 100 miles, with 
corresponding harmony of streamflow. The basins of Switzerland have been found 
even more harmonious. 


Correction Factors 


With the percentage system variables are few and most of them can be deter- 
mined at the time of forecast. These are (2) premature melting of the lower zone 
of the snow cover, (b) effect of diversions above point of streamgaging, (c) relative 
loss or even gain in priming the soil or meadows along the stream channel. 

Premature melting can be determined closely by altitude zones for the snow 
surveys. Soil priming is a problem chiefly where the soil is alluvial and autumn rains 
are heavy. On steeper mountain slopes the annual loss from priming is nearly uniform 
and its percentage effect is dependent, like diversions, on the quantity of the snow 
cover. 

The only unpredictable factor is the precipitation during snow-melt. Close 
correlation requires normal precipitation on the snow while it is in process of melting 
and its lack or excess will distort the snow survey percentage by 10 to 15 percent 
of normal, or even more depending upon the relative precipitation during this period. 
The precipitation during April or April-May (In the Southern Hemisphere October- 
November) may provide data for a revised forecast. 

Temperature is a factor in the acceleration and retardation of snow-melt but not 
in its total volume, which depends on the water equivalent of the snow cover. Only 
rarely does temperature departure seem to affect the total amount forecasted. This 
stability is due to the normal freezing of the snow cover each night with diurnal 
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cessation of melting and the protective thermal zone at the snow surface that retards 
the effect of the sun’s heat above it. Thus on May 6, 1949 a snow crust 6-9 inches 
deep was formed at Soda Springs with a minimum temperature in the vicinity of 
37° F. 14 feet above the ground. But at 7:30 a.m. the surface of the snow was 32.5°F. 
although at 1 inch above it the temperature was 38°F. Similarly, at 2:15 p.m. April 
16, at Truckee, the following shade temperatures were recorded: 9 feet 68.5°F., 
18 inches 67.0°F., on snow 41°F. 

These stations were at 6,750 and 6,000 feet altitude, respectively, in the Sierra Nevada 
in California. 


Efficiency in Snow Cover 


The efficiency of the snow cover as compared with intermittent rain is due to 
the fact that the snow cover provides a «continuous» rain that requires only one 
initial priming of the soil while each of the intermittent rains must provide its own 
priming in proportion to the dryness of the soil. This is naturally less true of inter- 
mittent snow that melts instead of accumulating. 

For example, in Hawaii (Monthly Weather Review 45: 178-81) the runoff in 
volcanic soil and verdure varied in rains of /% inch from 7.3 percent efficiency after 
a period of very dry weather to 30.0 percent after heavy precipitation and with rains 
of 2 inches from 18.6 percent after very light showers to 34.6 percent after heavy 
precipitation. In sand-box studies by the writer the even flow of 29, 69, and 83 
gallons of water for the period of 11, 17, and 23 days, respectively, had an efficiency 
of 60.6, 66.6, and 63.6 percent or approximately the observed efficiency of the deep 
snow cover in the South Yuba Basin of the Central Sierra Nevada and in Switzerland. 
Thus in net efficiency a snow cover has twice the potential of a similar quantity of 
rain distributed over an equal period. Thus in the Susquehanna Basin of eastern U.S.A. 
the snow cover constitutes only one third of the annual precipitation but is far 
more effective in runoff than the remaining two thirds. 

This greater efficiency of the snow cover, as compared with rain, renders the 
snow cover the dominant factor in streamflow irrespective of the precipitation in 
the summer season. Thus the phases of the Sierra Nevada streams do not vary greatly 
from those of the Continental Divide, although the summmer precipitation (Apr.-July) 
varies from 18.2 percent of the winter (Nov.-Mar.) in the Central Sierra Nevada 
‘Colfax) to 85.7 percent in the Continental Divide (Durango, Telluride, Leadville) 
and 126.5 and 284.9 percent farther east (Banff and Calgary). The normal phases 
of typical streams are as follows: 


Uniformity of Snow-melt Runoff Irrespective of Summer Rainfall 


(Percentage of Annual) 


Seasonal Phases Sierra Nevada West slope of East Slope of 
San Joaquin Continental Continental 
(Ann. 2,053,500 A.F.) Divide, Upper Divide 
Colorado Bow 


(Ann. 7,540,000 A.F.) (Ann. 2,704,150 A.F.) 


December-March 2Ne3 9.5 Dec.-Apr. , 1382 
Apr.-July (Snow-melt) 70.1 75.0 May-Aug.* 68.4 
August-November 8.6 lSe5) Sep.-Nov. 18.4 


*Season retarded by latitude. 
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68 to 75 percent of the annual normal runoff is due to the snow cover of Dec.-March 
or Dec.-April and the subsequent summer precipitation that falls upon it. Therefore, 
it has been possible during 11 years of test to forecast the April-July runoff of the 
Colorado River on May 1 within 15 percent. 

Since the August-November runoff in the Sierra Nevada is still smaller, closer 
forecasts can be made of its streams. The presence of sagebrush on the foothills 
of the Continental Divide and Sierra Nevada indicates lack of efficient summer 
rains. Only farther eastward, where the measured rain is much heavier, do the grass- 
land and rainfed streams appear. 


Defects in Snow Gage Measurements 


All methods of streamflow forecasting based on falling snow instead of snowcover 
residue are handicapped by inaccurate measurements due to wind and snow caps 
but particularly to the fact that the can does not measure the wastage or premature 
melting of the snow, that is, the net amount of snow-melt water to be expected. 


ANOMALIES ON THE RHINE 


The scarcity of snow-survey data on the Upper or Swiss Rhine and of snowfields 
on the Lower Rhine has required the use of less efficient precipitation measurements 
for purpose of analysis. However, the data in Tables 1-2, being longer averages rather 
than annuals, should produce an accurate picture. 

On the Lower Rhine, where rain predominates, parallelism between monthly 
precipitation and runoff is expected but on the Upper Rhine the parallelism is even 
closer in both winter and summer despite the fact that snow, accumulated largely 
in winter, is recognized as the base of the summer flow. 

The quick transport of water at all seasons by the shallow soil, the transfer of 
snow to water in winter by open, free-flowing lakes and rivers and the presence of 
major precipitation in summer and its maximum intensity in July quite effectively 
conceal the snow-melt cycle: They even almost conceal its lengthened period of 6 
months (April-September) due to the higher mean elevation of the Alps and retardation 
of flow by lakes. 


CORRECTION FACTORS 


Soil Priming — On all feeders of the Rhine (Table 3) the minimum pre-winter flow 
is scarcely less than one-half of the maximum seasoiial flow and, therefore, the soil 
should remain continuously moist as compared with semi-arid climates and dry 
summers. On the other hand, the soil of the Upper Rhine is shallow and drains quickly. 
Only in extreme dryness, would the correction factor be necessary. Ground-water 
measurements should be used to supplement the surface flow as an index of soil 
moisture. 

In the absence of impounding dams, the level of the lakes on April 1 and sub- 
sequent rise should be supplemental to measurements of streamflow. On large lakes, 
such as Lake Tahoe, California-Nevada, the forecast is made in percentage of 
normal or feet rise from April 1, to maximum. 

The great efficiency of the soil, snow and water mantle on the Upper Rhine 
is evidenced by the net delivery of 67.7 percent of precipitation in October-March 
and the same percentage also in April-September. This must include also the evapo- 
ration loss during winter and summer. The low efficiency of intermittent rains on 
deeper soil is shown by the low efficiency of 25.8 percent on the Lower Rhine. 
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Summer Rains. — Summer rains and snows are more efficient when they fall on snow, 
ice or water surfaces and lose little of their volume from dissipation by the soil. 
Likewise their efficiency diminishes with decrease in the area of the snow fields. Thus 
at the beginning of the snow-melt season, as in April, the efficiency of precipitation 
should be 100 percent and shrink to probably 25 percent when the snow has disappe- 
ared. This has largely been accomplished by late July. 

On the other hand, the summer precipitation attains its maximum of 13.1 percent 
of annual in July (Table 2) while maintaining a volume of 10.0 to 11.3 percent during 
May-August. The normal steadiness of precipitation assures a fair approximation 
to normal. For this reason Dr. Hoeck has selected April-July (the usual 4 month 
period) for his forecasts of runoff. 

On the 6-month basis, the summer precipitation in Switzerland of 767 mm 
is 163.9 percent of the winter precipitation of 468 mm. But if the 4-month period of 
April-July is used, its total of 514 mm would be 109.8 percent of the winter or only 
24 percent higher than on the American Continental Divide. There the correction 
as computed on May 1 is 15 percent for extreme excess or deficiency in summer 
precipitation with no large lakes in the watershed. In Switzerland, Dr. Hoeck’s 
forecasts (Table 7) of the highest feeders came within 15 percent of measured flow 
in 90 percent of the 24 years tested. This was based on measurements of precipitation 
mostly. 


Phases of Snow-Melt. — The general phases of snow-melt would seem to parallel 


closely those in Western North America from which comparative data are being drawn, 
if the following temperatures in the two areas can be taken as a criterion 


Mean Temperature (°F) 


Low Stations January July 
Basel (909 ft.) 31.8 66.4 
Reno (4,500 ft.) 30.9 68.1 
Denver (5,299 ft.) 30.4 72.2 

High Stations 
Davos (5,121 ft.) 18.7 53.8 
Truckee (6,000 ft.) ay 63.4 


On Santis the precipitation is snow from November thru April, and only in 
July-August is there more rain than snow. 


FORECASTING THE FLOW OF THE Upper RHINE: A QUARTER CENTURY TEST. 


For lack of snow-survey data, the longer series of precipitation measurements 
has been used to compare snow-melt or even precipitation with subsequent runoff. 
Direct measurements and percentage of normal have been used for each year since 
1925-26. The winter (Oct.-Mar.), summer (Apr.-Sept.) and annual phases have been 
computed (Table 3, 4, 5). Monthly data could afford more intimate clues to inter- 
relationships particularly of summer precipitation to summer flow. 

Table 6 — Precipitation and Runoff on Upper Rhine (April-September) was 
limited to the years from 1935-36 thru current lack of data. It presents the unweighted 
percentages of Snow Cover (Linth or Ziirich Basin) April 1, Winter Precipitation, 
Winter Runoff and Summer Runoff, followed by Summer Precipitation to seek corre- 
lations. 
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TABLE 4 (continued) 


Annual Precipitation on the Upper Rhine 
(mm and percent of Normal) 


ee—_r—r—o—o—o———— eee 


Mean 


Average 
Based on Mean of 
1925-48 
Oct.-Mar. Apr.-Sept. Annual 

1925-26 93.4 104.1 99.4 
1926-27 134.7 12547, 129.3 
1927-28 73.9 100.7 90.3 
1928-29 101.3 84.0 90.6 
1929-30 90.8 121.6 109.5 
1930-31 141.7 106.4 119.4 
1931-32 63.9 105.5 89.6 
1932-33 78.2 103.0 93.4 
1933-34 80.4 94.7 89.2 
1934-35 118.6 93.1 102.9 
1935-36 143.4* 1222 130.1 
1936-37 114.3 98.9 104.5 
1937-38 82.3 95.9 90.9 
1938-39 79.2 107.4 96.6 
1939-40 135.6 116.7 122.4 
1940-41 96.0 92.1 93.4 
1941-42 76.5 87.7 83.4 
1942-43 75.4 93.3 86.3 
1943-44 75.8 82.0 80.0 
1944-45 145.0 96.9 117.0 
1945-46 93.8 100.0 98.2 
1946-47 81.0 69.5 2S 
1947-48 12721 98.4 109,4 
1948-49 

1949-50 


*Normal Based 
on 1935-1948 
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The snow cover was found to harmonize with the summer runoff within 15 
percent on 75 percent of the eight seasons available but the winter precipitation 
maintained the same harmony on only 54 percent of thirteen seasons. 

As expected, the winter precipitation and the winter runoff harmonized within 
15 percent only 40 percent of the time. On the other hand, the summer precipitation 
and summer runoff harmonized 9 times out of 10. 

Since the runoff was measured only at Basel, the lower lands of Switzerland 
and the large lakes Constance, Ziirich, Lucerne and Neuchatel entered into the 
forecast. 

In Table 7 by Dr. E. Hoeck on Runoff in the Basins of the Upper Rhine (April 
1 — July 31), the comparison for 1927-1950 is based largely on precipitation but 
is confined to the Rhine Source, the Linth, Reuss and Aar mostly above large lakes 
and the period of summer runoff is reduced to the four months of April-July. 
Weighting factors also are used. The total Swiss Rhine at Basel or Rheinfelden 
concludes the series. 

On the same basis of 15 percent allowable divergence, harmony within this 
limit between forecasted and measured flow was attained in 90 percent of the years 
in each of the four basins. However, for the total watershed, harmony within 15 percent 
was attained in only 62 percent of the forecasts. The latter result is comparable to 
that in Table 6 but based on the six months period of flow. 

The extension of snow surveys to the lower Swiss valleys and weighting the 
expected contribution of all feeders to the main Rhine, as in the forecast of the Colorado 
River on the American Continental Divide, may produce a forecast as accurate 
as those of the four sub-basins in the table. 


FORECAST PROBLEMS ON THE LOWER RHINE 


The prevalence of rain on the Lower Rhine and the inefficiency of rain measure- 
ments as a stable index of runoff practically nullifies even approximate forecasts 
in that area. The runoff efficiency of 29.7 percent of precipitation on the Main and 
24.2 percent on the Moselle-Meurthe indicates the severe wastage enroute. 

This is emphasized by the following list of streams of varying efficiency in which 
the Rhine is included. 


Runoff Efficiency 


Character Percent 

of Stream Efficiency 

Precipitation : (Annual) 
HeavySnow 48.2 in Upper Rhine 712.9 
» » 460) ing South Yuba (U.S.A.) 78.2 
Heavy Rain-Snow 50-75 in. Rogue » 51.8 
Medium Snow-Rain Merrimac » 48.3 
» » » 40-50 in. Susquehanna » 53.6 
Mostly Rain35.8 in. Main (Germany) 29.7 
69.2 in. Moselle-Meurthe (France) 24.2 
30-40 in. Wisconsin (U.S.A.) 51.0 
20-40 in. Upper Mississippi (U.S.A.) 23Gi 
20-30 in. Red River of the North (U.S.A.) ayi/ 
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THE MAIN 


To avoid the effect of diversions, measurements have been confined to the upper 
part of the stream. But even so, divergence is found to exist (1) between the winter 
precipitation and the winter flow, (2) between the winter precipitation and the summer 
flow, and (3) even between the summer precipitation and the summer flow. In the 
first two comparisons harmony within 15 percent occurs only 40 percent of the time 
and in the third only 45 percent of the time (Table 8). 


THE MosELLE MEURTHE 


In two of the three similar comparisons on the Moselle-Meurthe the divergence 
is even greater, the harmony within 15 percent being only 42, 17 and 25 percent 
respectively (Table 9) as compared with 40, 40 and 45 for the Main . 


TABLE 10 


Comparison of Summer Runoff (Apr.-Sept.) of Upper Rhine (Basel), Main, 
and Moselle-Meurthe Rivers 


(Percentage of Normal) 


eet 


Rhine Main Moselle-Meurthe Total 
(Basel) (Schweinfurt) (Kochem) Rhine 

Years (1808-1947) (1935-1947) (1937-1948) (1936-1940) 

(Rees) 

1290 m3/, 86 m3/, 332 m3/, 2352 m?/; 

1924-25 90.7 

1925-26 146.5 

1926-27 165.1 

1927-28 82.6 

1928-29 62.8 

1929-30 93.0 

1930-31 118.6 

1931-32 94.2 

1932-33 83.7 ~ 

1933-34 36.0 

1934-35 103.5 

1935-36 112.8 12322 x 

1936-37 1212 109.3 80.1 

1937-38 90.2 57.0 27.0 

1938-39 119.6 74.4 62.3 

1939-40 114.4 148.8 80.4 

1940-41 98.5 180.2 78.9 

1941-42 88.4 95.3 123.5 

1942-43 80.6 60.5 138.2 

1943-44 93.5 112.8 LPS 

1944-45 98.7 109.3 88.0 

1945-46 100.3 74.4 78.9 

1946-47 2a3 60.5 138.6 

1947-48 95.4 1257 
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Accuracy of forecasts of summer flow within 15 percent for the Lower Rhine 
is therefore narrowed to 40 percent of the years on the Main and to only 17 percent 
on the Moselle-Meurthe. 


COMPARISON OF SUMMER RUNOFF PERCENTAGES ON THE Upper RHINE, MAIN 
AND MOsELLE-MEURTHE 


The seasonal trends of the three main feeders of the Rhine rarely rur closely 
parallel (Table 10). Yet during a 12-year comparison of the output of the Swiss 
feeders at Basel and the German-French feeders at Rees (Table 11), the average 
divergence between seasonal percentages has been only 27 percent and the maximum 
51 percent. The volumes of the two (upper and lower) sources are closely similar, 
being 1290 and 1464 m%/, (Total 2352 m#/s). The maximum probable correction 
(either + or —) to apply to the forecast of joint flow at Rees would therefore be 
51 percent of 1464 m?/, or 747 m/s. It could well be less. 

The forecast base must, therefore, be the summer flow of Swiss water modified 
by the German-French flow downstream. The determination of the former should 
be relatively precise but trends of the latter should be visible. 


TABLE 11 
Comparison of Summer Runoff (Apr.-Sept.) in Upper and Lower Rhine 


ua (Percentage of Normal) 
1. Upper Rhine 2. Lower Rhine Main, 


Rhine at (Base[) Moselle Meurthe and Other Divergence 

1290 m/s Sources (Rees) 1464 m?/, from Upper 

Years (Measured) (Estimated from Main and Rhine at Basel 
Moselle-Meurthe) Unweighted (Pct. of 1464 m*/ ) 
average 

1936-37 1212 94.7 — 26.5 
1937-38 90.2 42.0 — 48.2 
1938-39 119.6 68.4 = Sil2 
1939-40 114.4 114.6 +, 0.2 
1940-41 98.5 129.6 + 31.1 
1941-42 88.4 109.4 + 21.0 
1942-43 80.6 99.4 + 18.8 
1943-44 93.5 144.6 + 51.1 
1944-45 98.7 98.6 — 0.1 
1945-46 100.3 76.6 — 23.7 
1946-47 72.3 99.6 + 27.3 
1947-48 95.4 a 

Base flow Supplementary Flow 
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THE PURPOSE OF FORECASTS 


In the mountain area of Europe, the generation of power and the forecasting, 
of firm streamflow should be a major activity. Irrigation, on the other hand, because 
of heavy and well-distributed precipitation (Table 1) should be a minor interest except 
in specialized agriculture or local need of fresh water as in the Netherlands. 
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Floods and navigation would be an emergency interest, served better by a study 
of climate and weather than by the usual stream-level gages. 


Ijssel Meer (Ijssel Lake)* 

Ijssel Lake, in the Rhine delta, is the only storage of fresh water in Holland, 
There is plenty of water but in the lower part of the country it is mostly brackish. 
Holland, therefore, is as badly in want of fresh water as many semi-arid countries. 

It was originally the southern lobe of the Zuider Zee and was reclaimed from 
the northern portion by an enclosure dam. It covered 3,700 Km?. The shallower 
rim of the lake is being progressively dammed off into agricultural «polders» until 
ultimately its final area will be about 1,300 Km2. But it will water about 6,500 Km2 
(approximately 1/2m deep). 

In summer the level of the water in the lake is kept at 0.15 m (6 in.) below 
mean sea level; in winter it is lowered 0.25 m to 0.40 m (16 in.) below m.s.l. The 
disk (325,000,000 M®) between the two is available for supply of the land around 
the lake. The surplus of water is made to flow into the sea through evacuation sluices 
in the enclosure dam. They are operated at low tide: the sea level is then 0.9m 
(36 in.) below m.s.1. 

When all the polders have been reclaimed, the mean depth of the lake will be 
about 4 meters below m.s.]. and the water content about 5,000,000,000 cubic meters 
(4,052,000 acre feet). 

The turn-over is slightly more than once a year; it will increase to 2% times. 

The quantity of water needed annually for agriculture is estimated at present 
as 3,600,000,000 m3, one-third of this being required during the winter 6 months 
of October-March. The peak use is 1,000,000,000 during the two summer months 
of June-July. 

It may increase in future. In dry summers the supply is less than the demand. 
In those cases the storage inust be drawn upon: the level of the lake is lowered as 
the summer proceeds. Now about 700,000,000 m3 may be got in this way. In future, 
when the lake is smaller the level in summer will be increased: the amount to be 
stored will remain the same. 

Only one branch of the Rhine delta (The Ijssel, from which the lake has received 
its name) flows into Ijssel Lake. It is the minor one, carrying only 10-15 percent 
(239-359 m/s) of the discharge (Table I): 

The mean value of the runoff of the Ijssel is about 250 M 3/Sec. Slightly more 
(300) in January-March (German water), about normal in May-August (Swiss water), 
lowest (200) in September-November (no more melting, not yet.much rain). A very 
high value (one day per year) is 1200 m*/s; a low one (also one day per year) 
is 75 m 3/s. Highest and lowest observed are 2200 and 40. 

The runoff of the Ijssel River is the main source of supply, but there are others: 
small rivers and brooks bringing water from higher grounds, pumping stations and 
sluices bringing water from the «polders». The rain on the lake itself is also important 
but on the other hand the evaporation may not be neglected 


For a «normal» year: 


Tjssel River 8,500,000,000 m? 

Higher grounds 3,400,000,000 

Polders 1,500.000,000 

Rain 2,000,000,000 (26.24 in.) 


Deduct evaporation — 2,000,000,000 » 


Total . . 13,400,000,000 


*From a letter by Dr. Thijsse, 13 Nov., 1951. 
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One of the difficult items is how to choose the right moment for raising the level 
of the lake in spring by interrupting the evacuation. If it is done late and the summer 
is dry, it may not be possible to collect the water needed for storage: in that case 
the summer level will not be reached. If, on the other hand, the start is made too 
early, the surrounding land may get water-logged because of interference with the 
evacuation. 

Therefore, we are greatly interested in Dr. Hoeck’s predictions. We want to 
know about March 20 if there is so much snow in the catchment basin that a very 
low runoff in the next summer will be impossible. If this is the case, we may wait 
longer before raising the level of the lake. 

For the German tributaries a long-term prediction is impossible, because the 
lapse of time between the moment a drop of rain falls and the moment when its 
influence is felt in Holland is too short (one or two weeks). Here we use the daily 
water-levels along the Rhine to predict a flood. If we know a flood will come, we 
may. anticipate it and open the sluices in order to make room for it in the lake. I told 
about this in 1948 at Oslo. 

In the near future weirs will be constructed in the middle branch of the Rhine 
(Nederrijn) in order to divert a higher percentage of the total flow to the Ijssel (and 
Ijssel Lake) in periods of low runoff. ~ 

The total annual normal flow of the Rhine at Rhees is 2390 m?/, or 75,371, 
040,000 m*, or more than 5 times the total normal supply from all sources for the 
lake. The total annual normal flow of the Ijssel is 250 m*/, or an estimated 
8,500,000,000 m?. The channel can carry 1200 m*/s or 37,843,200,000 m%, or 12 
the normal supply of the Rhine. The weirs and the water rights would be within 
the domain of Holland. Control could conceivably be exercised at the weirs to divert 
scarce water into the Ijssel or flood waters back into the main Rhine. In other words, 
the control of Ijssel Lake would begin at the weirs. 

In 1946-47 (Table 10) a drought* was experienced at Ijssel Lake with a summer 
(April-September) runoff in the Swiss Rhine (Basel) of 72.3 percent of normal and 
60.5 and 138.6 percent respectively in the Main and Moselle-Meurthe. The Swiss 
Rhine alone flowed 933 m?/, or 14,711,544,000 m* for the 6 months period and 
the German-French feeders were approximately normal. The weirs have, therefore, 
become an emergency project. 
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FORECASTING THE SUMMER RUNOFF 
OF THE RHINE RIVER 


J77Es CHURCH 


THE NECKAR BASIN* 


The River Neckar should be included in any study of the Lower Rhine Basin 
as a source of further information as well as a source of water. It is a close companion 
of the Main but benefits more from highland snow. 


HYDROLOGY 


Both rise on the flank of the Danube which circles north of Switzerland, but 
the Main lies farther to the east and north. 

The area of the Neckar watershed is 14,000 Km2, the Main, 27,395 Km?, and 
the Moselle-Meurthe, 28,156 Km2. But owing to diversion by canals only the upper 
4,002 Km? (29%) of the Neckar and 12,719 Km? (46°) of the Main have been gaged. 
The runoff of their entire basins, however, would seem to be in proportion to the 
area. The unmeasured area (24,674 Km?) is 15.5 percent of the entire Rhine Basin 
to Rees. This reduces other downstream sources of runoff to 58,209 Km? or 36.5 
percent of the total. Of this, only 1,056 Km? or less than one percent belongs to 
the Moselie-Meurthe. Of these three feeders, the Main and the Moselle-Meurthe 
are almost identical in area and the Neckar is half the size of each. 

A map is highly desirable but the revised «Hydrology of the Rhine Basin» is 
included as Table 1. 


PRECIPITATION 


The mean seasonal precipitation in the Neckar Basin is represented by three 
stations of Rottweil, Tiibingen, and Heilbronn, located in above order from source 
toward outlet. Their trends are reasonably similar and the mean seasonal percentage 


fits into the pattern of decreasing winter and increasing summer precipitation toward 
Switzerland. See Table 2. 


EFFICIENCY 


Efficiency is the relation of runoff (i.e. discharge) to precipitation on the watershed 
and is increased by the presence of a seasonal snow cover. Tables 3a and 36 are 
illustrative. 

There are all too few precipitation stations for a close estimate but the trends 
are obvious. The snow-fed streams are far more efficient. The Neckar appears to hold 
its snow fairly well in winter but has lost it by summer. 

Snow is doubly efficient over rain in production of net or total runoff because 


(*) Material for this study has kindly been furnished by Dr. W. FRIEDRICH 
of the Bundesanstalt fiir Gewdsserkunde at Koblenz, Germany. 
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fewer primings of the soil are required. This seems to be illustrated in the following 
comparison of the Neckar and the Moselle-Meurthe. 


TABLE 2 
Mean Seasonal Precipitation Trends 


Quantitative MM Percentage of Annual 
Winter Summer Ann. Winter Summer Ann. 
Oct.-Mar. Apr.-Sept. Oct.-Mar. Apr.-Sept. 
(a) Neckar Basin 
Rottweil 312 468 780 40.0 60.0 100 
Tiibingen 252 460 712 35.4 64.6 100 
Heilbronn 292 406 698 41.8 58.2 100 
Average 285 445 730, = 39.1 60.9 100 
28.7 in. 
(b) Rhine Basins 
*Swiss Rhine 468 767 1236 37.6 62.4 100 
*Neckar 285 445 730 39.1 60.9 100 
*Main 457 461 918 49.8 49.8 100 
*Moselle-Meurthe 993 782 1775 54.7 45.3 100 
*Read upward. 
TABLE 3a 


General Stream Efficiency 
(Percent of Streamflow to Precipitation) 


ae 


Annual 
Swiss Rhine 72.9 Percent 
Neckar 46.2 » 
Main 29.7 » 
Moselle-Meurthe 24.2 » 
Entire Rhine 36.0 » 


Reeser bahar Se 
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TABLE 36 


Seasonal Stream Efficiency Neckar, Moselle-Meurthe, Swiss Rhine 
(Percent of Annual) 


Winter: Oct.-Mar. Summer: Apr.-Sept. 


1. Neckar (Snow dominates in winter but gone early). 


Precipitation 39.0 61.0 

Runoff Spies} 44.7 

Efficiency 65.3 33.9 
2. Moselle-Meurthe (Only occasional snow) 

Precipitation 54.7 45.3 

Runoff 56.1 44.0 

Efficiency 24.2 25.8 
3. Swiss Rhine (Snow through winter and spring). 

Precipitation 37.6 62.4 

Runoff Sh? 62.8 

Efficiency 67.7 67.7 


The runoff of the Swiss Rhine in winter seems large. Can the lowlands of 
Switzerland and its lakes account for this? 


HARMONY OF PRECIPITATION 


During the quarter century of record, fair harmony of precipitation both seasonal 
and annual has been noted between the Neckar and the Main and the Main and 
the Moselle-Meurthe — a bit closer even between the latter than the former although 
situated farther apart. 


For example, the percentage of times when harmony has been within 15 per 
cent is: 


~ 


Oct.-Mar. Apr.-Sept. Annual 


Neckar and Main 86 64 * 82 
Main and Moselle-Meurthe 73 LT 91 


Details by years for the Main and Moselle-Meurthe are givenin Table 5 of the 
original paper. Those for the Neckar and Main are in the following Table 4. 
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VARIATION BETWEEN PRECIPITATION AND RUNOFF 


Harmony of precipitation does not necessarily imply similar harmony of preci- 
pitation and runoff. Thus the percentage of harmony within 15 percent between (1) 
winter precipitation and winter runoff, (2) winter precipitation and summer runoff, 
and (3) summer precipitation and summer runoff presents considerable variation: 


1. Winter precipitation and winter runoff 


Swiss Rhine Neckar Main Moselle-Meurthe 
a 40 40 42 

2. Winter precipitation and summer runoff 

Swiss Rhine Neckar Main Moselle-Meurthe 
Bytlie 20 40 17 

3. Summer precipitation and summer runoff 

Swiss Rhine Neckar Main Moselle-Meurthe 
90 3i7) 45 25 


The detailed variations between precipitation and runoff by season and year 
in the Neckar Basin alone are given in Table 5. On the basis of seasons, the harmony 
in winter is only 40 percent and summer 37 percent. The entire year is 47 percent 
or less than half the years within the variation of 15 percent. 

The harmony between runoff and precipitation at Rottweil in the upper Neckar 
Basin where the measured runoff occurs is still no better, being 33, 40 and 44 per 
cent for winter, summer, and annual: and the harmony between summer runoff and 
the previous winter precipitation for the entire Neckar Basin is only 20 percent or 
one year in five. Details are given in Table 6. 

Indeed Professor Maurice Pardé of the Institut de Géographie Alpine, Grenoble, 
France writes that «Below Basel the Rhine Basin furnishes no more than a small 
quantity of melted snow. .. But nearly all this melt-water runs off in times of rising 
temperature and warm rains, in the course of the winter, or later at the beginning of 
April. Practically never is this yield appreciable in May. In the total from April 
to July, itis so small as to be negligible.» (Translation by Dr. S. B. Doten). Therefore 
where the efficiency of the stream is low, diversity between precipitation and runoff. 
is to be expected. 


~ 


HARMONY IN RUNOFF BETWEEN THE NECKAR AND MAIN . 


In only about one-half of the 25 years of record are the Neckar and the Main 
within 15 percent of each other in either seasonal or annual flow. Indeed, in summer 
the proportion of years is only one third. See Table 7. 

Although the Neckar has a stream efficiency of 46.2 percent and the Main 
only 29.7 percent, the harmony between precipitation and runoff in the Main seems 
to be steadier. For example, 


(*) However, in the case of the accumulated snow cover as measured by snow 
survey, the harmony between snow and summer runoff is 75 per cent. 
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HARMONY OF PRECIPITATION TO RUNOFF 


(Percentage of times within 15 percent) 
Winter Precip. Summer Precip. Winter Precip. 
to Winter Runoff to Summer Runoff to Summer Runoff 


Neckar 33 40 20 
Main 40 45 40 


The presence of a snow cover, which is associated with efficiency of runoff. 
should be further studied on both streams. 


The close harmony earlier noted between the Swiss Rhine and the Rhone has 
also been noticed by Ing. Aimé Coutagne, who suggests that a stream-forecast system 
would have even larger practical value on the Po of Italy. 


Nevada (U. S. A.) Agricultural Experiment Station, Reno. 
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COMME ON MESURE LA NEIGE EN ITALIE 


Dorr. ING. MASSIMO LEVI 
Directeur du Bureau Hydrographique du Magistrato alle Acque — Venise 


PREMISSES 


Dans le siécle passé les mesurages de la quantité de pluie tombée, avec d’autres 
observations a caractére purement météorologique, étaient effectués par les obser- 
vatoires astronomiques ('), tandis qu’on ne mesurait pas la quantité de neige tombée. 

La nécessité et l’importance d’étudier les précipitations de neige sont devenues 
évidentes lorsqu’on commenga les grands travaux hydrauliques. 

En effet l’étude d’un bassin hydrologique ne peut pas étre complete si, outre les 
données de pluie d’une période assez longue, on ne connait aussi la quantité de neige 
qui peut s’accumuler sur le bassin méme, pendant Vhiver. 

La determination de la consistence de la neige precipitée a une importance spéciale 
en Italie, dans les bassins ot la surface des zones a cote élevée peut étre trés considé- 
rable par rapport a la surface totale; comme, par exemple, dans le bassin du fleuve 
Adige, qui, aprés le P6, est le plus important de I’Italie septentrionale et qui a une 
surface de 11.954 Km2. dont 4.617 Km? (c’est a dire le 39%) a cote superieure a 
1.800 m. avec 212 Km? de glaciers. 

Il est évident que pour I’étude des neiges d’un bassin hydrologique particulier 
on doit connaitre trés bien les caractéristiques morphologiques du bassin méme, 
cest a dire l’orientement, I’altitude moyenne et la végétation (en presence de bois 
la neige se conserve plus longuement). 

En Italie le recueil et l’élaboration des données des précipitations neigeuses ont 
été commencés a peu prés en 1907, dans le bassin du P6 et dans la Vénétie, tandis 
que pour le restant de I’Italie, ils ont été commencés en 1917 avec l’institution du 
« Service Hydrographique ». 


OBSERVATIONS ET MESURAGE DES PRECIPITATIONS NEIGEUSES 


Les observation sur la quantité de neige tombée sont effectuées dans les stations 
memes du Service Hydrographique ou les pluies sont relevées. . 

Les observateurs enregistrent chaque chute de neige et déterminent, avec la fonte, 
l’équivalent en eau de la neige recue par le pluviométre et mesurent tous les jours 
l’épaisseur de la neige sur le terrain. . 

Dans les stations d’observation pourvues d’instrument enregistreur (pluvio- 
graphe) on reléve tout de suite l’équivalent en eau de la neige tombée, lorsque il a 
été possible de pourvoir la petite cabane, ou l’instrument est instailé, d’une résistance 
électrique (dont la chaleur provoque la fonte de la neige). 

Pour déterminer l’épaisseur de la neige les stations sont pourvues d’une perche 
nivOmétrique de hauteur convenable, avec des graduations de 5 en 5 centimétres, 
plantée en un endroit convenable, qui ne soit pas exposé aux vents. 

La consistance numérique du réseau pluviométrique italien est indiquée dans 
le tableau suivant, ot l’on peut voir aussi le nombre des stations pourvues de ther- 


(*) L’observatoire astronomique de Padoue, le plus ancien d’Italie, commenca 
ses observations dés 1713. 
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momeéetres 4 maxima et minima: les données thermométriques sont trés utiles pour 
l’étude des conditions de la couche de neige. 


———eeeeSeSeeSSSSSSSSSSSSSSsSs 


Distribution des stations en cote de m. 
Type du réseau Total 
d’ observations 0.250 250 500 750 1000 1500 2000 outre 
500 750 1000 1500 2000 2500 2500 


Pluviométrique Lh S90 86394-3754 308 80 29 ee 3550 
Thermométrique 548 159 61 51 47 —— oo 871 


Fig. 1 — Station pluviométrique de Vernago (Adige) a la cote 1700, comprenant 
un pluviographe, un thermographe et une perche pour mesurer la hauteur de 
la neige. 


Dans le méme tableau on reléve l’existence de stations d’observation a des 
cotes superieures a 2500 m. 

Dans ces stations sont installés des instruments capables de recevoir toutes les 
précipitations (pluvionivométres totalisateurs): un mélange spécial qui empéche 
la congélation provoque la fonte de la neige recue et une couche d’huile de vaseline 
empéche l’évaporation. Ces instruments. sont installés pres des refuges alpins, et 
avec eux, de temps a autre, méme pendant l’hiver, on effectue des observations. 


MESURAGE DE LA COUCHE NEIGEUSE ET SON EQUIVALENT EN EAU 


Le mesurage de l’épaisseur de la neige sur le terrain (et de son équivalent en 
eau) n’est pas particuliérement difficile dans les stations d’observation stables, parce 
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Fig. 2 — Station pluvio-nivométrique totalisatrice a la cote 2950 Refuge Bellavista 
(Val de Senales — Adige). 


quil suffit que prés de chaque station soit installé, dans un endroit convenable, la 
perche métrique dont nous avons déja parlé. 

La détermination de l’équivalent en eau de la couche neiguese, au contraire, 
n’est pas aussi simple dans les stations provisoires opportunément choisies sur les 
points les plus caractéristiques d’un bassin hydrologique. 

Cette determination est nécessaire pour réunir les élements suffisants pour faire, 
dans un moment donné, le calcul, le plus approximatif possible, de la quantité d’eau 
dont on peut disposer dans le bassin d’aprés la présence de la couche neigeuse. 

Parmi les méthodes suggérées par plusieurs experts la plus précise et la plus 
pratique a été retenue, celle qui emploie le « Pése-neige ». 

Naturellement, pour obtenir des résultats avec une bonne approximation et 
convenant aux fins pratiques de cette recherche, le pése-neige doit garantir que, 
dans son emploi, des eventuelles erreurs de construction, ou autres, n’infirment pas 
les résultats des observations. “ 

A ce propos, il faut rappeler les approximations auxquelles on arrive en 
météorologie avec l’emploi des instruments suivants dont on fait usage pour le mesu- 
rage des précipitations : . 

— le pluviométre, avec une embouchure de 0.10 m2 généralement employé en Italie, 
qui garantit le mesurage de la pluie, jusq’au dixiéme de millimétre; 

— le pluviographe, qui donne une approximation de 0.2 mm.; 

— le pluvio-nivométre totalisateur, qui donne une approximation de 2 mm. 

Le pése-neige employé par le « Service Hydrographique Italien» est basé sur 
les études, qui seront ici resumées, du Professeur Giuseppe CRESTANI (7) faites a aide 
du pése-neige type « T.70 » fabriqué depuis 1921 par le « Bureau Hydrographique 
du Magistrato alle Acque» de Venise, dont on omit la description particularisée 
parce qu’il est analogue au type « C.N.1 » qu’on décrira par la suite. 


(*) G. CRESTANI — « Sur la détermination de l’équivalent en eau et de la densité 
de la neige » = Etude théorique et expérimentale — Extrait des Annales des Travaux 
Publiques (ancien Journal du Génie Civil) année 1937 — fascicule N° 6. 
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Fig. 3 — Pése-neige « T. 70». 


Il est constitué essentiellement par un tube cylindrique muni a |’extrémité 
inférieure, d’une couronne a couteau coupe-neige et d’une balance romaine (plus 
avantageuse, quoique plus lourde, qu’une balance 4a ressort). 

Il faut dire d’abord que, pour avoir |’équivalent en eau a l’aide du pése-neige 
susdit, on préléve et on pése un spécimen de neige en guise de cylindre, ayant une 
section de surface « S». 

Le poids «P», exprimé en grammes, divisé par la surface «S » exprimée en 
cem2, donne l’équivalent en eau, c’est a dire l’hauteur en centimétres de eau qui 
résulterait de la fonte d’une quantité de neige égale au prélevement contenu dans 
un récipient cylindrique de section « S ». 

Le rapport entre cet équivalent (u) et l’épaisseur (v) donne la densité; le contraire 
est appelé « hauteur spécifique ». 

En effet les résultats 6btenus a l’aide du pése neige sont rendus moins précis, 
outre que par l’instrument, aussi par celles relatives aux possibles fausses manceuvres, 
déterminées par la diversité de I’épaisseur. de la densité et de la constitution de la 
neige. 

Il est donc évident que les opérations de prélévement doivent étre faites d’une 
facon systématique et rationnelle. 
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DETERMINATION DES ERREURS DUFS AUX CARACTERISTIQUES INSTRUMENTALES DANS LE 
CALCUL DE L’EQUIVALENT EN EAU DE LA NEIGE — 


L’approximation de 0.5 cm. dans le mesurage de l’épaissseur de la neige, le 
diamétre du couteau coupe-neige (70 mm) avec l’approximation de + 0.1 cm., et 
la sensibilité de 4 grammes de la balance sont des conditions qu’on obtient facilement. 
Elles sont suffisantes pour donner des résultats assez exacts, aux buts de la recherche, 
dans les calculs de l’équivalent en eau et de la densité de la neige. 


PB 
Quant a l’équivalent en eau (u) de la neige, étant u = Ss’ Verreur absolue du, 


qui se réflechit sur « u» en conséquence des erreurs SP, SS dans le mesurage de P 
et devs;.est: 


a OPA EP 20S 4 
Ob ag orig ae 
et l’erreur relative est : 
2) du _ SP _ 3s ; 
ui iP S 


indiquant avec « d» le diamétre et avec dd son erreur, ona: 


OSM OdeOL02 
S d 7 


0.003, 


ou, comme erreur possible du diamétre, on a pris un dixiéme de millimétre. 


Pourtant, lorsque l’erreur du diamétre est égale ou inférieure a 1/10 de mm., 
l’erreur pour cent qui a cause de cela se réfléchit dans le calcul de l’équivalent est 
égale ou inférieure a 3/1000. 


Telle erreur est constante pour un instrument donné; il s’en suit que par le véri- 
fication expérimentale on a eu la certitude que du est inférieur a 0.1 mm. (comme il se 
vérifie en réalité); par conséquent il ne vaut pas la peine de calculer 3S, qu’on peut, 
étant donné sa petite importance, négliger. 

Pour déterminer l’erreur de la pesée on emploie aussi I’équation (1) qui donne 
l’erreur absolue. 


Puisque le deuxiéme terme est le produit udS, ou, étant donné qu’il s’agit de 
neige, «uw» est toujours moindre que 0.5 et pourtant négligeabie, elle devient : 


aba 3 


La balance romaine, fabriquée exprés, a une sensibilité bien, plus grande que 
4 grammes, mais, en admettant aussi l’erreur la plus grande de 4 grammes, de la 3) 
on obtient que l’erreur absolue qui s’en suit dans V’équivalent, quand la section 
«S$» du tube est a peu prés de 40 cm?2., est de 1 mm. 


Cette approximation de 1 mm. est plus que suffisante, car il s’agit de mesurer 
des précipitations, ot il y a souvent des erreurs et des incertitudes bien plus grandes. 

Puisqu’on a démontré que l’erreur de l’équivalent en eau est due a la balance, 
il n’y a pas de raison d’employer des tubes de diamétre supérieur a 70 mm. 

En augmentant le diamétre susdit on aurait plus de difficultés de pénétrer dans 
la neige dure et on rendrait l’instrument plus encombrant; au contraire une sensible 
diminution du diamétre au dessus des 70 mm. tandis qu’ elle faciliterait Ja pénétration 
dans la couche de neige, ferait trop sentir la présence dans !a neige d’éventuels 
éléments étrangers et exigerait aussi une plus grande sensibilité de la balance. 
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On peut donc retenir les erreurs maxima de «u» et de «y»: 
ou = + 0.1 cm.; dv = + 0.5 


u ) 
Puisqu’on a:3 (“) = Suu bv 
v ; 


u Uu 
; 5 aes 
Verreur maximum (y = z ) dans la densité (x = p> en prenant les valeurs absolues 


des erreurs et leur somme, devient : 
Uu 
3). y = - 0.1 +.0.5 x). 
v 


Si x est constante, l’erreur absolue y dans le calcul de la densité est plus petite 
autant que plus grand c’est l’épaisseur y, et précisement la relation entre l’erreur 
y et ’épaisseur v, aux diverses densités x, est donnée par les hyperboles équilatérales 
(fig. 4) définies par l’équation : 

4) iy ye—s0) 16st OPS 


Prine Ms : 
En indiquant avec z = —l’erreur pour cent de la densité de la précédente on a: 
x 


0.1 
5) zv = — 4+ 0.5 
x 


et celle-ci nous donne la relation entre l’erreur pour cent de la densité et l’épaisseur 
v du spécimen prélevé; relation qui exprime la constance du produit des deux grandeurs 
pour chaque valeur de x (fig. 5). 

Tandis que le produit de l’épaisseur pour l’erreur absolue augmente avec l’aug- 
mentation de la densité, le produit de l’épaisseur pour l’erreur pour cent augmenie 
avec la diminution de la densité. 

Les considérations précédemment faites et de l’examen des graphiques (fig. 4-5) 
qui représentent les équations 4) et 5), on peut ainsi conclure: 

1) erreur qu’on fait dans la détermination de l’équivalent en eau de la neige est 
essentiellement due a la pesée; 

2) Le diamétre du tube qui le mieux répond aux exigences pratiques et théoriques est 
a peu prés de 70 millimétres; 

3) L’erreur absolue, qui, en conséquence des erreurs dans la détermination de I’é- 
paisseur de la neige et de I’équivalent en eau, s’étend au calcul de la densité, @ 

égalité de densité, diminue avec l’accroissement de l’épaisseur et, a égalité d’épaisseur, 

(augmente avec l’accroissement de la densité; en outre elle est inférieure a 0.01 

c’est-a-dire qu’elle est inférieure 4 une unité du deuxiéme chiffre décimal) : 


avec densité 0.1 pour épaisseurs > 15 cm. 
» » 0.2 » » 20) >> 
» » 0.5 » » B= 34" » 


L’erreur pour cent diminue aussi avec l’accroissement de |’épaisseur trouvé, 
mais, a différence de l’erreur absolue, augmente avec la diminution de la densité. 

Pour des épaisseurs supéricures a 30 cm., elle reste inférieure au 5% avec 
densité égale a 0.1; avec des densités plus importantes elle est inférieure a 3.3 %. 

Pourtant, s’il s’agit d’épaisseurs supérieures a 30 cm., ce qui arrrive d’habi- 
tude, l’erreur est inférieure au 5%, quelle que soit la densité. 

Dans ces derniéres années, les études relatives 4 la connaissance des précipi- 
tations neigeuses ont été conduites avec beaucoup de promtitude par la Commis- 
sion des Neiges du Comité Italien de Glaciologie, laquelle, en profitant des résultats 
obtenus a l’aide du pése-neige « T.70 », a étudié un nouveau type de cet instrument, 
moins lourd et plus maniable. 
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Fig. 5 


Il est employé dans des stations d’observation et d’étude nommées « Stations 
pilotes» situées en zone et bassins caractéristiques de haute montagne, opportunément 
choisies des Alpes et des Apennins. 


Le nouveau type de pése-neige, nommé « C.N. |» a été adopté aussi par le 
« Service Hydrographique Italien ». 


Dans chaque « Station — pilote » pourvue d’instruments pour les observations 
météorologiques, les mesurages des neiges a l’aide de l’instrument susdit, sont faites 
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systématiquement sur le méme point-base; de cette facon on peut étudier les mémes 
mesurages en rapport avec les facteurs météorologiques du lieu. 

En outre, pour chaque « Station-pilote», on choisit préventivement des stations 
auxiliaires. 

Ces stations auxiliaires sont placées dans des localités caractéristiques du terri- 
toire de compétence, avec expositions diverses, ot l’on peut faire des relévements 
pour connaitre avec suffisante approximation l’épaisseur et I’équivalent en eau de la 
couche de neige de cette zone. 

Ces localités doivent étre facilement reconnaissables, par des releveurs-skieurs, 
par les caractéristiques du terrain et par des signaux opportunément prédisposés. 

En outre elles doivent étre situées a des cotes diverses, le long d’un ot de plu- 
sieurs itinéraires a parcourir a l’aide des skis dans une période de temps relativement 
courte afin d’éviter dans cette méme période |’influence die a des variations météoro- 
logiques sensibles. Le long de ces itinéraires ou peut aussi établir, toutes les fois, 
des autres stations provisoires. 

Avec toutes les mesures prises, et surtout avec celles effectuées aprés l’hiver et 
avant le dégel de printemps, ou peut obtenir des données assez exactes sur la quantité 
de neige accumulée dans le bassin de compétence de la « Station-Pilote ». 

De cette fagon on détermine le volume d’eau correspondant, dont ou peut 
disposer, outre a ceux dérivants des pluies et des éventuels apports de glaciers, pour 
Vutilisation. 


DESCRIPTION DU PESE-NEIGE TYPE « C.N.1 » 


Dans le nouveau type de pése-neige, avec balance romaine, usé pour létude 
de la couche de neige dans les « Stations-Pilote » a la place des plusieurs types employés 
jusqu’a maintenant, le diamétre du couteau coupe-neige est encore de 70 mm. 

Pour rendre plus facile son transport en haute montagne par les operateurs- 
skieurs, il est constitué, au lieu d’un seul tube en fer de la longueur de 1 m. ot 2 m., 
par 4 élements tubulaires en duraluminium (fig. 6 b-C) chacun de la longueur de 50 
cm., qu’on met dans un sac fait exprés pour cela avec la balance et les autres 
accessoires. 

Des 4 tubes, numérotés de 1 a 4, qui constituent le pése-neige, on emploie un 
ou plusieurs éléments, par rapport a l’épaisseur de la couche de neige. 

Chacun des 4 susdits éléments du tube a extérieurement une graduation de 
0 a 50 cm., ce qui permet de mesurer exactement la hauteur de la neige dans le point 
ou l’on fait le prélévement. 

A lextrémité supérieure du premier élément est vissée transversalement une 
poignée, qu’on use pour la manceuvre rotatoire d’enfoncement du tube, pendant 
le prélévement, tandis que dans la partie inférieure on peut visser selon les cas un 
ou plusieurs éléments du tube, ou bien directement le couteau coupe-neige. 


Le pése-neige « C.N.1 » est pourvu de trois divers types de couteau coupe-neige, 
avec couronne dentée, qu’on visse, a l’aide d’une clef faite expres (fig. 6-g), a l’extré- 
trémité du tube, selon la qualité de la neige a prélever, et précisément : 


— Couteau n. 1 (fig. 6 d), consitué par un simple couteau avec une couronne dentée, 
pour l’emploi en présence de neige compacte (*) et particuliérement convenable 
pour les prélévements horizontaux en tranchée; 


— Couteau n. 2 (fig. 6 e), constitué par un couteau avec couronne dentée a V’inté- 


(?) Symboles d) et e) de la classification internationale de la neige; 
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Fig. 6 


rieur duquel est fixée une lame hélicoidale disposée diamétralement, pour faciliter 
l’entrée de la neige dans le tube, qu’on emploie en présence de neige de moyenne 
compacité (*) 


— Couteau n. 3 (fig. 6 f), consittué par un couteau pourvu a l’intérieur, 4 2 cm. 
du bord, de trois ailettes a charniére, avec la pointe légérement pliée vers le centre 
du tube, lesquelles se soulévent, en s’appuyant a la parois du couteau, pour la 
pression de la neige pendant l’enfoncement, en se placant au contraire horizon- 
talement pendant I’extraction du tube méme, toutes les fois que la neige tend 
a sortir. Le type de couteau est particuli¢rement utile pour prélever la neige 
farineuse et séche (*), 


Pour faciliter le remplissage du tube avec la neige pendant T’enfoncement, la 
section du tube méme est légérement plus petite que celle du couteau; pour vider 
Vinstrument aprés Vemploi, on le renverse aprés en avoir enlevé la poignée fixée 
dans la partie supérieure. 

Pour la mesure préliminaire de ’épaisseur de la couche de neige, le pése-neige 
est pourvu d’un double metre centimétré (fig. 6 /), constitué par 4 éléments égaux, 
vissables, en tube d’aluminium. 

Ces éléments, unis ou séparés, peuvent servir de manche pour une palette 
(fig. 6 m) elle aussi en aluminium, de la dimension 20 x 30 centimétres en dotation 
du pése-neige, dont on se sert pour prélever les spécimens horizontaux et pour les 


() Symbole d) de la classification internationale de la neige. 
(°) Symboles a) et b) de la classification internationale de la neige. 
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Fig. 6 (bis) 


spécimens verticaux supérieurs 4 deux métres. La palette limite exactement la hauteur 
du cylindre de neige qu’on préléve, en evitant des éventuels déplacements de la 
masse de neige dis a la compression vers |’intérieur. 

Dans la balance romaine (fig. 6 #) la graduation de la perche va de 0 a 2 Kg.; 
elle donne le poids total effectif de l’instrument et de la neige prélevee. 

La graduation permet la lecture immédiate de 10 gr. en 10 gr., toutefois le peson 
glissant porte un nonius, a l’aide duquel on peut obtenir lV’approximation d’un 
gramme; la balance est pourvue aussi d’un collier dénoué, qui permet de suspendre 
opportunément le pése-neige. 

Pour conserver a la balance l’approximation susdite, on a bati trois poids-lest 
égaux (fig. 6 i) a chacun desquels correspond un équivalent de 2 Kg. Ces poids, 
sont, selon les nécessités, vissés a l’extrémité de la perche graduée de la balance, en 
permettant une portée utile maxima de 8 Kg., suffisante pour le fonctionnement du 


pése-neige complet de tous les quatre tubes. 
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MODALITES POUR L’EMPLOIE DU PéESE-NEIGE 


Pour effectuer le mesurage de la neige on enfonce le tube de prise dans la couche 
de neige, et on lui donne un léger mouvement rotatoire, jusqu’a quand on arrive au 
terrain, en cas de prélévement vertical, ou a la palette,en cas de prélévement horizontal. 
De cette fagon un cylindre de neige de diamétre égal a celui du couteau entre et reste 
dans le tube. 

Apres avoir effectué cette opération on attache le tube, a l’aide du collier denodé 
fait expres, a la balance et on fait la pesée (fig. 6 bis). 

On obtient le poids net de la neige contenue dans le tube en faisant la soustraction 
de la tare du poids brut; la tare est préventivement relevée avec la méme balance ou 
bien lue sur le tableau préparé exprés et dont tous les instruments sont pourvus. 

Pour étre str de l’exactitude du prélévement exécuté, on vérifie, avec le double 
métre en dotation, la profondeur atteinte par le spécimen apres l’extraction du 
pese-neige, afin de s’assurer qu’une partie du cylindre de neige ne soit pas restée sur 
le terrain. En ce cas on doit refaire le prélévement en localité proche et intacte de la 
couche de neige. 

Lorsqu’on est en présence de neige légére et farineuse on emploie le couteau 
n. 3, avec les ailettes 4 charniére, et on doit se rappeler que, quand les ailettes sont 
baissées, une couche de neige d’environ 5 cm. sort du tube et pour cela n’est pas 
pesée, tandis que la méme couche de 5 cm. est comprise dans |’épaisseur de la couche 
de neige mesurée précédemment. 


OPERATIONS DE PRELEVEMENT 
Pour obtenir des résultats vraiment stirs il faut : 


a) vérifier la balance du pése-neige, et particuliérement sa senbilbilité; 
b) choisir le couteau coupe-neige par rapport au type de neige : 


— pour neige compacte couteau n. | (°) 
— pour neige de moyenne consistence De ES 22 TQ) 
— pour neige farineuse Dae ee See ((9) 


En outre il est nécessaire que la zone du prélévement, normalement connue a 
terrain découvert, ne soit pas en proximité de sentiers, pour éviter le piétinement de 
la neige; on doit éviter les zones battues par les forts vents dont l’action modifie 
la distribution de la couche de neige de facon a la rendre tres irréguliére. 

Afin de donner aux mesures le juste poids, pour chaque prélévement, ou groupe 
de prélévements dans une zone déterminée, on doit indiquer ois 
1) L’épaisseur de la couche de neige; 

2) La température de I’air du lieu mesurée a peu prés a 1.50 m. au dessus du niveau 
de la neige, et de la neige a sa surface; 

3) L’exposition de la zone (au soleil ou a l’ombre, au nord ou au sud, etc.); 

4) La situation du terrain (plan, en légére pente, a forte pente); 

5) La direction et le type du vent (faible, modeéré, fort ou a rafales); 

6) L’état du ciel (serein, couvert, a moitié couvert). 

La température de l’air doit étre prise a l’ombre, eventuellement aussi a l’ombre 
de lVobservateur méme. 

On reléve la température de la neige a la surface en plongeant le bulbe du 
thermométre dans la neige jusqu’a la couverture totale et en faisant la lecture aprés 15’. 


(°) Symboles d) et e) de la_ classification internationale de la neige 
(7) Symbole d) de la classification internationale de la neige. 
(°) Symboles a) et 4) de la classification internationale de la neige. 
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EXECUTION DES PRELEVEMENTS 


a) Prélévements verticaux (fig. 7) : avant tout on s’assure de l’épaisseur de la couche 
de neige, a l’aide du double métre en aluminium fait exprés, pour savoir de com- 
bien on est prés du terrain et On compose le tube avec le nombre d’éléments 
suffisant par rapport a l’épaisseur verifié. 

Aprés on applique le couteau coupe-neige convenable au type de neige, on fait 
le prélévement du spécimen en enfongant le tube dans la neige et en donnant a la 
poignée une pression constante et un mouvement continuel de rotation jusqu’a 
rejoindre le terrain. Aprés cela, pour contréler l’operation on fait sur la graduation 
extérieure du pése-neige la lecture relative a I’épaisseur, on extrait le tube et on 
lattache a la balance. 

Avant de faire la pesée il faut avoir soin d’enlever du couteau les fargments de 
terrain qui se sont éventuellement attachés. 

Par la suite il faut contréler si le prélévement est complet. 


Fig. 7 


shennan ateheiarad 
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On fait la pesée, on vide le tube en le renversant, ayant précédemment enlevé 
la poignée. 

Il faut enfin s’assurer que dans le spécimen prélevé ne se soient pas mélées a la 

neige des matiéres étrangéres (pierres, herbes, rameaux etc.); en tel cas il faut répéter 
le prélévement. 
b) Préléyement horizontaux (fig.8): pour effectuer les prélévements horizontaux 
il est nécessaire de creuser dans la couche de neige une tranchée aux dimensions 
suffisantes pour pouvoir bien manceuvrer le tube n. 1, c’est A dire celui pourvu de 
poignée. 

On doit creuser la tranchée avec la précaution de ne pas piétiner la couche de 
neige et d’arranger la neige de rebut latéralement a la parois ow l’on fait le prélévement. 

Pour exécuter le prélévement il faut employer la palette qu’on enfonce dans la 
couche de neige a une distance de 0.50 m. du bord de la parois de la tranchée. 

On doit exécuter les préleévement horizontaux dans chaque couche de neige qui 
par ses caractéristiques différe de la couche successive, exception faite pour les couches 
d’épaisseur inférieure au diamétre du pése-neige; dans ce cas il sera nécessaire de 
faire le prélévement en cherchant d’obtenir un spécimen moyen. 
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TETPATOHAJIBHBIE CHCTEMBI JIETAHbBIX 2KHII 


(Teopua oOpas0BaHHA, Manereorpaduueckoe u reonmormuecKoe 3sHaueHHe) 


B. H. [ocrosanos. 


§ 1. Baenenne 


TlonmuronanbHbie CHCTeMbI JICMAHbIX KJ] IWMPOKO paciipocTpaHeHb! B CyrIMHKax 
M4 TOpdsauuKax ApKTuKU u CyOapKTuKH. OH pesCTaBNAIOT NOMABIAIOWLyIO UacTb 
KPYIHbIX Macc MOA3eMHbIX JIbJOB, MHOra CocTaBJIAIOT cBbIIIe 50 % OObeMa Bepx- 
Hero TPUAWAaTUMeTPOBOTO COA MOPOMbI, uacTo upupsaroT cneluduueckuu xapakTep 
janpmadbtTy uw oOsamaroT CIOxKHBMM CTpyKTypol u cbopMol, oTparxKarommumu ca- 
WMasJIbHbIe YCUIOBMUA HM UCTOpHIO ux pasBuTuA (Puc. 1). 

JleqaAHbIe 2KUJIbI paCTyT Ha OCHOBe NOBTOPHbIX MOpO3OOOMHbIx pacTpecKuBaHHi 
Mep3JIbIX NOPOT UW WeMeHTalMli TpelwMH JIbAOM, MOITOMY BbIACHeHHe HU YUeT 3aKOHO- 
MepHocteli oOpasoBaHuA TemMMepaTyPHbIX TpelWIMH HeOOxOZMMBEI [JIA MOHMMAaHuA 
MexaHu3Ma “UX dopMupoBaHUA. 

B upegyaraemoii paSoTe pasBUTHe >KHJIbHbIX JIbJOB pacCMaTpuBaeTCA Cc TOUKH 
3peHUA 3AKOHOMePpHOcTeli OOpasoBaHHA TeMMepaTypHbIX TPell[MH B COoueTAaHHH C 
TeMNOHSH4eCKHMM YCIOBHAMM M TIpoueccom HakomeHuA ocayKoB. lomyueHHbre 
3AKOHOMEPHOCTH OOBACHAIOT HadsOLaemyr!o chopmMy 3asieraHHA %KUJIbHbIX JIb]OB 
VM MO3BOJIALOT CyeaTb HEKOTOpble Nasleoreorpacduueckue UM reosIOrMueCcKHe BEIBOJIBI. 


§ 2. SakoHoMepHOCTH TemMiepaTypHOrO pacTpeCKHBAHHA MEP3IbIX MOpOR 
H yCIOBHA Pa3sBHTHA 2KWIbHbIX JIbOB 


B paGote aptopa « O dusuueckux ycnoBuaAx oOpasoBaHuA MOpO3OOOHHbIX 
TPeWIMH WM pasBUTHA TPeWIMHHbIX JIBAOB B PbIXJIbIX Mep3JIbIX NMOposax » Gee 
Tlocrosanop, 1952) Obi ompeseneHbI TeMIepaTypHbIle paspbiBarollMe HAallpAKCHUA 
B MaccuBe, OOsaaIONjeM YTOPHSOHTAJIbHOM WM BepTHKaIbHOM MOBepXHOCTAMHM U 
oxmaKaollemMca cBepxy. Oru paspprBaroMe HalpAKeHuA (7, ) PaBHbI 


1 © At (1) 
C= ax 
© 2) Az 
roe G — Moyynb capura, a — KoodduvenT smMHeiiHoro pacumpeHuA (COKpa- 
WWeHuA), x — paccTOAHMe OT CBOOOAHOM BePTHKAJIbHOM MOBEpXHOCTH, At/4z — 


rpagMeHT TeMIepaTypbI 10 BepTHKasM. 

Hs stoi dopMyJIbI BbITeKAaIOT CJIeEMYIOMIMe BLIBOAEI : 

1. Tak Kak paspbiBalolive HalpAxeHUA TpPOMOpUMOHAaIbHbI pacCTOAHUAM (x) 
OT CBOOOZHOM BePTHKANIbHOM MOBEPXHOCTH, B OOHOPOOHLIX Maccueax donmcHa obpa- 
306b1GAMbCA CUCMeMA MpPeUH, NAPAAAeAbHLIX Imoii noBepxHocmu U Opye Opyey. 

2. Tak Kak BeKTOp rpayMeHTa TeMMepaTypbI MepneHAUKyIApeH MSOTePMUYCCKUM 
TOBeEPXHOCTAM, a NOCHe HME MapasIeIbHbI CBOOOMHbIM TOPHSOHTAJIBHDIM MW BCpTH- 
KaJIbHbIM MOBEpXHOCTAM MacCMBa, TO CHCTeMa TIOJIOC, BbIMeIAeMaA CHCTEMOM Tapasi- 
JICNbHbIX TpelIWH, OJbKHa pasOMBaTbCA NonepeuHbIMM TpelMHAaMM Ha CMCTeMy 
MPAMOYFObHBIX NpusM. Veasr npu conpAowenuu NpodoAbHelx U NonepeUHolx MmpeuUH 
OoAHCHbL ObiIMb NPAMELE. 3 

3. Pasppiparomive HalpsrKeHHA (7,) MPONOPIUMOHAJIbHbI NPOUSBeeHUIO JIMHeH- 
HOrO pasMepa OT/[eNbHOCcTH (x) Ha rpafMeHT TemMMepaTypbl (At/Az), NosTOMy npUu 
MaNeIx epaduenmax odHOpodHEiti maccue pacnadaemcA Ha KPyNHole NPAMOVZOAHELE 
OmOeABHOCMU, a 3aMeM NPU YeeAUUEHUU epadueHMos IMU OMdeAbHOCMU NocAedoEameAbHO 
OeMAMCA NONOAAM MPeUJUHAMU NOCACDDGAMEALHEIX NOPAOKOG eeHepayuu Ha bce 6onee 
MesKUue omdeAbHocmu (puc. 2). 

4. IIpu conps>KeHuu TpelMHbI B Be OCHOBAHHA M MepmenqMKy Apa OcHOBaHUue 
obpasyemca panee mpewunot bonee Hu3zKo20 nopsAoKa, a nepneHouKyAAp — No304ce 
mpewunou bonee BbicoKozo nNopsA0Ka. 

5. B HeogHOposHIX MOpomax C TepeMeHHbIMM G HM a TPeIMHbI AOJDKHDI ObITb 
U3BVJIMCTbIMM M He BUOMHE MapasVIebHbIMM APT Apyry, HO WepleHHKYyJIAPHOCTb 
B TOUKE CONPAXKEHMA OCTAeTCA B CHIC. 
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Crema (TC UU 


Riou, 
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6. B suronormuecku pa3siIMUHbIx Mopoyax (pasmmunpie G U x) TOJDKHbI BOOOUIe 
PaSBUBaTBCA CHCTeMbI OTACbHOCTeM pasNMUHOM KpyMHOcTH. 

7. BenencTBue oxslaxKeHuA CBOOOAHbIX BepTMKaIbHbIX MOBepXHOcTeli BbIe- 
JIMBIIMXCA OTEIbHOCTeM MOCHeTHUe WOIDKHbI pasOuBaTbCA TOPH3SOHTAJIbHbIMM Tpe- 
UlMHaMM Ha MapasiienenuneqanbHbie OTesIbHOCTH. 

Tak Kak TPeTParoHaJIbHble %KMJIbHbIC JIbs{bI PacTyT TONbKO B BeUHOMEep3JION 
TOMe pM pacTpecKUBaHUM MU WeMeHTAalMM WocMeqHeM, MOPKHO yKa3saTb Cue Myoue 
yCIOBUA MX OOpasoBaHuA 

1. TemnepatypHbIe TpellMHbI OJDKHbI MpOHMKaTb B BeUHYIO MepsJIOTY. 

2. Jlomxna oOecneuMBaTbCAH BOSMO?KHOCTbh IWeMeHTAllWH TpelWMH JIBMOM; ecu 

OHM CTaHOBATCA CIIMUIKOM y3KUMU, pocT mpekpatyaetcs. 
3. Ilpouecc pacrpeckuBaHiA UM WeMeHTalun DomKeH NepHOMYeCKM MOBTOPATLCA 
B TOM >Ke MECTe. 

4. Ilopoga nomxHa pefcTaBNATE coOoM WocrarouHO KpyNHbIM MaccuB. 

5. Ilpoueccht nporauBaHuxA He TOMKHbI upecbNapaTh Haj WpoleccamH mpomep- 

3aHuA. 

Ilpu HecoOmofeHuu xoTA ObI OMHOTO U3 9THX YCMHOBMM TeTparOHasIbHbIe CHCTEMbI 
JI¢(AHbIX YKVWII He pasBUBaIOTCH. YKasaHHble ycioBuAd ux (POpMUpoBaHUA MpHypo- 
ueHbI K T1OiMaM peK, MpoTeKaroujwx B Mopomax c Temnepatypoii HuwKe —3° C, 
BO3MOXKHbI Ha WOOeEPerxKbAX APKTMUCCKUX MOPeH, a TAaK7KE NOBCIOMY, Pe HakarliM- 
BaeTCA 9JNOBMIT WM MMeeTCA OCTaTOUHOe yBJIaxKHeHHWe M HM3KMe TeMIIepaTypbl 


rpyHta. 


§ 3. DuemMenTapHblii WHKI PasBHTHA ®*KHIbHbIX bOB H 
BePOATHOCTh MOBTOPHOTO pacTpecKHBaHHA 


Mopos3o06oitHoe pacrpeckuBaHve BUepBble HAUMHAeTCA SMMOM Ha ydacTKax MOpos, 
BHIXOJAUIMX Ha MOBepXHOCTb BCIIEACTBUe OTCTYMaHHUA KaKOro-s1M00 BOpOeMA. Boa, 
nonayaromlad B TPeWIMHbI, Cle yIOUlelt BECHOM BO BpeMA NOMOBOLbA ObICTpO 3aMep- 
gaeT WM WeMeHTMpyer pacTpecKaBLIyIOCA Mep3siyIO TOJMNYy B CHJIOWIHOM MaccuB. 
Kpome Toro, Ha MIOWaqAX MEK Ty TpelMHaMM B ITO BpeMA OTIaraeTcH HeEKOTOpbIit 
cmon ocayKa. 

Samepsaa B TpelllMHax, BOA pacMIMpAeTCA MU MaBMT Ha BMEeLalOulylO MOpOsly, 
yMeHbUIaA B Hell pacraruBaroujme ycunua. Jlerom mpH NOBbIMICHHM TemiMepaTypbl 
BepXHero COA Mep3ssOM TOMMM MOposa pacuIMpAeTCA M pacTAKeHMe CMCHACTCH 
coxatuem. IlocnemHee ycusmBaeTcaA BCuemcrBMe TOrO, 4TO Tpel{MwHa packKJIMHeHa 
QeMeHTAapHOM KMJIKOM JIbya. OTO packsIMHMBaHMe Co3flaeT HOBbIe yCOBUA pu 
CMeHe JIeTHerO CKATHA pacTAHrKeHHeEM Tp MOHMKeHUM TeMIMepaTypbl cylenyrouyent 
3MMOi, Tak Kak mocueqHee MOJOKHO CHauayla CHATb YBCJIMUCHHbIe HalpAKCHUA 
OKATHA WU TOMbKO MOcNe YTOTO MOMKeT MWPUBeECTH K HOBOMY YMCHbIMeCHHIO oObema, 
pacTADKeHUIO M pacTpeCKMBaHVIO Mep3ssIOl TOpoOppl. 

CoueraHue eqMHuaHOrO pacTpeCKMBaHMA MW 3alOJIHeHUA TPelMHbI JIbJjOM o0pa- 
3yeT 9JICEMeHTapHbIM WK pasBuTuA JI€AHOM HKUIIbI, MpesAcTaBAOUlen codon 
cyMMy GOosIbIOTO UNCIa WepHosMueckKu OOpasyIOUIUXCA QJICEMCHTAPHbIX >KMJIOK. 

Ilpu 9TOM BaxKHO UMETb B BUY, UTO 6eposmHOCMb nNogmopxHoeo obpaz06aHus mpeujuH 
odHO20 U mMozo0 me NOPAHOKA YMeHbU.aemMcA BCAedcMBUeE apgexma packlunusaHusw U 
KpoMe Moz0 BePOAMHOCMdb noemopHoeo PacmpecKUsaHUA MEM MEHbUE, EM BuIULe NOPAOOK 
2enepayuu mpewuHn. B OTHOCHTEIbHO TeMIbI€ 3MMbI rpaHCHTbl Temnepatyp MaJIbl 
HM OOpasylOTCA TPel[MHbI HeBbICOKUX NMOPAKOB, B CYPOBbIC 3UMbI rpayWeHTbI 
BeJIMKM MW pacrpecKMBaHve JOXOMMT MO TPel{MH BbICOKUX MOPA/IKOB (puc. 2). 
Takum oOpa30M, 9JIEMeHTapHble %KUJIKH, UPMypOucHHble K TpeljMwHaM BbICOKUX 
HOPAKOB, OOpasy!0TcA He KarKbIM TO MU TEM perKe, UCM BbILTC ux NOpAOK. 

Ilostomy monepeuHaA MOLIHOCTh XKUJI, PacTYMIMX OJ{HOBPCMCHHO, HO dopMu- 
PYCMBIX Tpel[MHaMU pasIMYHbIX NOPAAKOB, WOJDKHA ObITh TEM MeHbIUIe, UCM BbILUMIC 


NOpAOK CbopMUpyIOWMxX UX TpPelMH (puc. 3). 
§ 4. Tonuqna 2H B 3aBHCHMOCTH OT rnyOuHbI TpelHH, 
DIMpHHbI TpeljHH WH CKOPOCTH HakONNeHHA OCaKOB 


Tlocne mepBoro pacrpeckuBaHHA MOpOfbl MW WeMHTAUMM TpeiHH JTb/tOM MastbHeli- 
wut pocr meqAHOM xb uM copMa ee NoMepedHoro CedeHHA 3aBMCHT OT COOTHO- 
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Pucks 


SSSASSSSSY 


WY 


Puc, 4 
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UICHHA Me*KRYy TruyOuHOM seMeHTapHoii TpenmHEI (h), WIMpYHOM MOBTOPHbIX 
TpeuMH (c) M CKOPOCTHIO HaKOIIeHHA OcanKOB (d). 

UroObl BbIACHHTS KaK POCT >KWIbI WET MPH pasUHEIx CKOPOCTAX HaKOIMJIeHHA 
ocafIKOB, paCCMOTpHM Ba Kpaiinux cyyuaa : (A) — ocaqKu He HaKanMBaroTca — 
snMreHeTuuecKkuH pocr u (B) — ocayKu Opicrpo HakanmMBarorca — cuHreHeTu- 
uecKHM poct (puc. 4). 

B ciyuae (A) smementTapHble sKMIKH « a», « b», «& CM « d» TOCHeqOBaTeBHO 
BKJIMHUBAIOTCA Apyl B pyra M POCT 2KWJIbI NPOMCXOAMT TONBKO B TOMMIMHY, KOTOpad 
paBHa CyMMe€ CpeHUX TOJIUIMH IJIEMeHTapHbIX »KHIOK. B pesyptate pocta »MIa 
mpeppalactcA B WIMpPOKMM KJIMH, BePTHKaJIbHaH MOIIHOCTh KOTOporo paBHa 
rayOune pactpeckuBanua (h). Ilocnenopatenbupie TpeuwHbr MNpOxOMAT 0 JIbAYy, 
a He B MOpOfe, MOTOMY UTO MpOUHOCTS Iba Ha paspbIB MeHbINe MpOUHOCTH Mep3sIO; 
BMelyarouett nopofbl. BeveyqcrBue HakomeHHA packmMHMBaromlero pelicrBuA 
gnureHeTHYeCKMH POCT >KUJI OIMKeEH MmpeKpamaTeca. 

IIpu cuHreneruueckom pocte »Kum (cnyuali B, puc. 4) u nocrosHHoit ruyOnuHe 
pactpecKMBaHHA (h) KakKad MocnepyIouaA sIeMeHTapHad »KMIIKAa pacnosaraetca 
BbUMe MpeAbiqyuei Ha BesMUMHY d (CKOPOCTh OTOXKeHUA OCaJ{KOB) HM BHOBB 
OOpasyIOllMeca 2KWJIKM COBCEM BbIXOJAT 3a NpesebI ropusouta | nocue h/d wHKNoB. 
B 9ToM cyryuae pOcT >KHJIbI B Mpesesax ropusonta | upeKpamjaerca, u ona TOCTU- 
raeT MpeAeNbHOM TOMUMHbI m. Ota TOMIMHAa OUeBHAHO paBHa TpoM3sBexeHHIO 
uvicia WuKIOB (h/d), B TeueHHe KOTOPLIX 9JIeEMeHTAapHbIe XKUIKH BHeEAPANIMCh B 
MlepBbIM TOPH3OHT Ha MX CpeAHIOIO ToNMMHY (¢). Takum o6pa30m, umeem 

h.é (2) 
eS) 


rae ¢ = 1/) ¢ TaK KaK MpHONMKeHHO MOXKHO CUMTATb, UTO SMATOIIAA TpelwHa MMeeT 
TpeyrouIbHOe ceueHve M WIpMHa ee U3MeCHACTCA OT BEMMUMHbI C y MOBEpXHOCTH J{O 
0 Ha rayOuHe h. h — paBuo cpenneli rnyOune TpeuyuH. 

U3 dopmysmr (1) cmenyer, uro 


c.G (3) 


T 
b 


hw az 


Takum o0pa30M, npedensHaA moswuna AeOAHOM CUAL’ (m) paeHa npouz6edeHUtO 
cpedueti eny6urner pacmpeckusanua (h) na cpeduioro wupuny mpewune (é), OeaenHomy 
Ha cpeOHi010 cKopocmbs HakonseHUA ocadKoée 3a yuKa (d). 

Us dopmynsr (2) MooKHO cyemaTh cieMyIOUuue BbLIBOLbI 

1. Ecsm cKopocTb HakOMJIeHHA OCaKOB yMeHbIMaeTCA, TOJIIMHa XKMJIbI OIDKHA 

YBeJIMUNBAaTECA UM HAOCOOpOT. 

2. TnyOuna pactpeckuBaHua (h) u uIMpuHa TpelMH (Cc) 3aBUCAT OT pacmpeye- 
JIeHHA TeMMepaTypbI B Mopoye UM OT ee MexaHMUeCKUX UM chusuueCKUX CBOMCTh, 
NOSTOMY Ip USMeHeHUH MOCIeETHUX OMKHbI MCHATBCA M MOMepeuHbie CCUcCHMA PKU. 

CnefyeT UMeTb B BUY, UTO HAKOMIeCHHe OCANKOB MEKTY TBYMA MOcueqOBaTesIb- 
HbIMM pacTpecKuBaHHAMU (d) MO2KET ObITh OTHOCUTEIIbHO HEOAHMAKOBO [IA KIT, 
dbopMupyeMbIx TpelMHAaMM pa3sJIMUHbIX NOpAAKOB, U yBeNMUMBAeTCAH Mp NMOBbI- 
WeHHH NOpAyKa TpelyHH. 


§ 5. OO onpefenenun BOspacTa 2KHIbHBIX JOB 


IInonjaqb momepeuHoro ceueHuA eqAHOM »KUuIIbI (S) paBHa CyMMe rIomazet 
MOMepeuHbIX CeYeCHHU ZIIEMCHTaPHbIX >KUJIOK (§), MosTOmy eA S Ha Cpe HIOLO 
moulayb MOMepeuHOro CeYeHHA IJIEMCHTapHOM YKMJIKM s MbI Mosyuaem UMCIIO 
9JIEMCHTAPHbIX WMKIIOB pasBUTMA 2KUIOK (nm). Takum oOpasom, 


S (4) 
5 


rye iah.é (5) 


CpeHror0 UWIMpMHy 9IeMeHTapHbIX %KHJIOK € MOPKHO OMpefesIMTb, MOACUMTLIBA 
YHCIIO BEPTHKAJIbHbIX TOJIOCOK, OOpa3syeMbIX MySbIPbKaMM BOSAyXa M YACTuIAaMM 
NOposbI, COOuUpaloulMMUCcA B OCeBON YACTH YKMIKU IPH 3aMep3aHHM BO]bI B Tpe- 
wmuHe. CyOuny tpeumu (h) MooxKHO OWeHUTS M0 dbopmysie (3), HIM 10 TemmMepatyp- 
HbIM KpuBbIM (b. H. Jlocropasos, 1952). 
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@)---2=- Becennui ypoBenb pexu ( Uone) 
vse Cpeguuu ypobere peru (28r.ye7) 
@ ---- HusKutt ypoBere pewu (OxTasps) 
() i WMudennwve ACG CC 


Puc. 6 
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B o6naxxenuu Myc-Xaa Ha p. Ane (puc. 1) BeprukanbHDi pasmep KpynHbIx 
KUT OKOSIO 30 M Ip CpeqHen Monepeqnou MouHoctu 6 mM. Ilycts cpequaa umpuna 
QIeEMeHTAapHOU TpelMHb! € = 0,005 mM u ee ruyOuna h = 3 m, rorma mo cbopmyne (4) 
umeem 


i ea ial =e Ue 1200: 
Foca 0005-3... Urea inene 2 


Takum o0pa30M, Takve >KMJIbI pocmm He MeHee 12000 ner. 

AOcoJHOTHbIM BOspacT >KHJI paBeH CyMMe Mepvoya ux pocra u BpemMeHM mpedsI- 
BaHHA UX B MCKOMaeMOM COCTOAHMH M MO?KET ObITh BO MHOTLO pas JJIMTeIbHee NepHoya 
mx pocta. BaoxkHO MMeTb B BUY, UTO AJIMTENbHOCTh pOcTa CHCTeMbI >KWJIbHBIX 
JbGTOB CeyeT ONpeMeNATS MO HavOosee MOUIHBIM *KWIAM. 


§ 6. UsmMenenua pocta 1efAHBIX 2KHI B 3ABHCHMOCTH 
OT H3MeHeHHA (awHalbHbIx ycuOBUit 


B TeueHue JIMTeIBHbIX MPOME?KYTKOB BPeMeHU CHHTeEHETHUYECKOTO PocrTa JIEAHbIX 
YKUJI B 3aBMCHMOCTH OT (pal{vasIbHbIX YCJIOBUM MOryT USMeHATBCA cocTaB Mu (busu- 
ueckHe cBolicTBa (7,, G, «) HakaliMBarloljelicA Mep3i0i MOpoybI, a TakoKe rpa- 
MeHTbI Temlepatyp bI (4t/4z) u cKOpocTb HakomIeHuA ocayKoB (d). B cBa3M c 
9TMM JOJDKHLI U3MCHATBCA KaK BePOATHOCTh NOABJICHMA TpelMH Goslee BbICOKMX 
MOpAKOB, Tak  scdbdbeKT pacKIMHUBaHHA WIM HalNpAyKeHUA CHKATHA B WOpose. 

PaccmoTpeHue BJIMAHUA Bapwalluii BCexX 9TMX YCJIOBUM Ha pocT uM UusMeHeHHe 
(PopMbI XKUII MpUBOAMT K CIeAyIOUIMM BLIBOTaM 

1. MsmeHenue cocraBa u cdbusMueCKUX CBOMCTB BMeIlaloulelt MOpoOAbI MpuBOAUT 
K WU3Me€HeEHHIO pa3sMepoOB OTeNbHOCTel, OOpasyr1ollMxcd pM pacTrpecKHBaHMH. 
Takoit Ipoljecc MOxKeT MCKPUBIIATh BEPTUKAJIbHbIe OCH pacTyUIMX PKMJI, a pu pesKux 
U3Me€HEHUAX UM COBCeM IIpeKpallatb UX pasBUTHe, TaK KAaK HOBAA CUCTeMa TpeLUMH 
He OyfeT cOBMafaTb co crapoit. 

2. I]pu cuHreHeTHUeCcKOM pocTe >KUJI HM BO3pacTaHHM rpayweHTOB TemMMepaTypbI 
ceTKa TpeWIMH OJKHa CTaHOBUTbCA BCe OONee METKON B CUIy OOpas0BaHUA TpPelvH 
Bce OosIee BLICOKUX NOPATKOB, IpMueM MocuepHve TOIMKHbI NOABJIATBCA MOCIIeO- 
BaTeJIbHO Ha BCe GosIee BbICOKUX YPOBHAX 10 BepruKamu. [pu yMeHbuIeHuM rpa- 
QMeHTOB MMpolecc MOIDKeEH MATH B OOpaTHOM HalpaBsieHHH MW CHayalla MOIDKHbI 
MCuesaTb TPelIMHbI caMoro BBbICOKOrO MOpAKa, a 3aTeM MOCTeMeHHO Tpel{MHbI 
Oonee HUBKUX NOpAgKOB. IIpouecc pocra u cbopMa »KHJI B 9TOM Cylyuae MOKasaHb! Ha 
cxeMaTHUeCKOM pHic. 5, COCTaBJICHHOM, MpemMmonarad, UTO BO BpeMA CHHreHeTHUEC- 
KOFO pOCcTa XKMJI MpOMsOMIIO [Ba MOxouOWaHUA Ha cboHe OTHOCHTeIbHO Oomee MAT- 
KOFO KJIMMAaTa, IPH KOTOPOM OOpa3s0BbLIBaJIMCb TOJIbKO TPeLIMHbI WepBOro HM BTOporo 
nmopaykKa. 

IlpocneskuBaxa Ha pucyHKe 5 pocT JIbM0B CHM3y BBepX, MbI BUJ[MM, UTO B HwKHeM 
yaCTH CIPYKTYPbI MPH OTHOCHTeIbHO MATKOM KIMMaTe pocuM TOKO *KMIbI 1 u 2. 
Ilpu ysenuuenuu MWHUMyMOB MM rpafWeHTOB TemMNepaTypbl B HacwaMBaroulelicA 
mopoye HauaM OOpasOBbIBaTbCA TPeLIMHbI TpeTbero MOpAAKAa MU HMOKHAA UaCTb 
HWKHEe!i »KWII 3. [pH nepBOM MaKCMMaJIbHOM MOxosI0 sau K POCTy HWKHMX 2KM 1, 
2, 3 noOaBnaetca u pocr oKuIbI 4. Jlanee Mpu MoTenweHHu 3MM Mpolecc UAeT B 
oOpaTHOM MOpAKe MU NOcMepOBaTeIbHO MCuesaIOT HWKHME 2KMIIbI 4 MW 3 MW NpoOOos- 
}KAIOT pacTH TOJIBKO 2xKUIbI 1, 2. [Ipu HOBOM MOXxOOAaHHU, CMeHACMOM 3aTeM MOTe- 
MICHVeM, MOceqOBaTeNbHO OOpasyIOTCA M MCuesalOoT BepxHHe *KMIIbI 3 ui 4. 

3. H3amenenun cKopocmu HaKONAeHUA OCAOKO6 U3ZMeHAIOM MosYUHY wcuA (PopMysa 2) 
U HANPANCEHUA corcamMUA 6 pacmpeckusaroemca maccuée. IIpu YMeHbINCHMM CKOpOCcTH 
HAKOMMeCHUA OCAKOB TOJMIMHa OCHOBHbIX XKM, POPMUpyeMbIX Oosee BEPOATHHIMU 
TpellMHaMM NepBoro M BTOporo NopAAKa yBeMuUBaeTCcA oco6eHHO cuIbHO. Hanps- 
MKEHUA CKATUA BOSPACTAIOT M 9TO 3aTpyMHAeCT NOABEHMe TpeUIMH OOIee BhICOKUX 
HOPAJIKOB W TeM CMJIbHee, UCM BHIMIe MOPALOK TpellMH, Tak Kak rpay{MenT Temmepa- 
TYPbI CHayasla JOJDKeEH CHAT HalIpwKeHMA CKATHA M TOJIbKO yoKe Tocie 9TOTO 
MODKET MIPHBeCTH K pa3spbIBaIOWIMM yCHJIMAM. 

Takum o6pa30m, ymenbuenue CKOPOCMU HAKONACHUA OCAOKOG U yeeAuueHue 2paduenma 
memnepamypol Oeticmeyiom Ha noAbAeHUe MpeU4UH U HA PoCM CUA NPOMUGONOAOMCHO 
Opye opyey. Jina pocta .Ku OCcOOCHHO ONarONPHATHbIM COUeTAHHeM ABIACTCH 
6bICTpoe HaKOMIeHHe OCaAKOB MIpH BbICOKMX TpasMeHTAax ; HaoOOpoT yMeHbILeHHe 
rpaMeHTOBR TemnepatypbI MU CKOPOCTH HaKOMIeHHA OCaKOB MpUBOAAT K MpeKpa- 


ICH pocta KUKI. 
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Pas6epem c TOUKM 3peHHA yKa3aHHbIX 3aAKOHOMepHOCTel YaCcTh OOHAKCHHA >KUJIb= 
HBbIX J1bx,{OB Myc-Xaxi Ha p. Ane (puc. |), m0 NopaAAKy *KUII COOTBETCTBYOIIY1O pa3- 
pesy no munuu AB cxemMatTuueckoro pucyHKa 3. 

PaccmaTpuBad MoypoOHOcTH CbOpMbI xKUII, MbI BUAUM, 4TO YTOJUINCHHAM HUYKHUX 
uacTeli MepBOM, TpeTbeli U ueTBepTou (cieBa HaupaBO) »KU CoOoTBeTCTBy1OT Gosee 
TOHKHe YacTH BTOPOH MU NATO »KuN. B cpequnx UaCTAX NepBOH, TpeTbeli U UeTBEPTOM 
YKHJI HaOMOMaIOTCA YTOHbINeHHA, TOA KaK CpeytHue 4aCTH BTOPOM UM MATOM mu 
YTONMa!OTCA WM, HaKOHell, B BePXHMX UAaCTAX BCe *KMJIbI yTOMUaIOrcCA MU OKaHUH- 
BalOTCA Ha OJHOM ypoBHe. 

Ha ocHOBaHHM yKa3aHHbIX BbIMIe 3aKOHOMEPHOCTeli 9TH COOTHOWICHMA TOMUIUH 
OKVJI OOLACHAIOTCA Cleqyioujum O6pa3som. 

Ileppaa u ueTBepTad >KUIIbI, (POPMUpPOBaBUIMecA TpeljuHamMU BTOporo MOpAKa, 
MW TpeTbA, (POPMUPOBaBUIAACA TpellMHaMU UeTBepTOrO MOPAKa, ABJIALOTCA OCHOB- 
HbIMUM HM MX TOJINNMHA ONpeMeIAa PexKUM HAaNpAKeHUM CKATHA B MOpose. Bropax 
*KuIa (POPMHPOBasIach Tpew{“4HaMM MATOrO NopaAAKa, a WATAA Kua — Tpeulunamu 
CeJbMOro MOpAyKa, YTO OObACHACT pa3sHuuy B UX TOMUIdHe. Tak KaK pasHuya B 
TOJINHHE KHII (POPMHPYeMbIX Tpell[MHaMU pasHbIX MOPAAKOB, BbISBbIBaeTCA KOIIe- 
OaHHAMM rpayHeHTOB M3 ropa B Os, TO KIMMAaT B HayasIbUbIM Mepvoy pocta xKM OBIT 
HeycToHunBbim. B TO »ke BpeMA B ITOT MepHO CKOPOCTh HaKOMIeCHHA OCAKOB 
YMeHbIUJalacb, BbISbIBAaA YTOJINICHHE OCHOBHbIX 2KMII, YBCIMUMBaA HallpsAyKeHUA 
OKATHA MW 3aTpy{HAA MOABJIEHHe TpelljHH Oosee BbICOKHX MOPANKOB, MOITOMY 
YTOJMMCHHAM B HYDKHEM YaCTH OCHOBHbIX )KHJI COOTBETCTBYeT TOHKaA 4aCcTbh BTOPON 
YKWJIbI HM MOUTH MOMHOe OTCYTCTBUe MATOM HKMJIbI. 

B mepwoy pocra cpeyHux uacTeii 2KMJI CKOPOCTS HaKOMIeHHA OCAaKOB yBeuu- 
UMIIaCb, OCHOBHbI€ >KHJIbI CTAaJIM TOHbIUe, HalpAyKeHUA C>KaTHA YMCHBIIMJIMCh 
IIpH Tex »Ke rpayMeHTax BOSpaCcJIa BOSMO>KHOCT pactpecKuBaHHA. Ilostomy cpeqHuM 
Oonee TOHKUM uacTAHM BTOPOM, TpeTbeii H ueTBeEpTOM »xKUM COOTBeTCTBYyIOT Gomee 
TOJICTbIe Cpey[HHe UaCTH BTOPOM U MATOM >KUII. 

IIpu pocte BepxHux uacteii »MJ1 CKOPOCTH HaKOMJICHMA OCARKOB YMeHbUIaNIMCh, 
BbI3bIBaA YTOJNMeHMe OCHOBHbIX *KUI. Bropad wu MATAA Kua TOWKHSI Opi OBI 
IIpH 9TOM YTOHbIUATbCA, KaK B HWPKHEM YACTH, MO MpOMsouIIO peskoe yBenuueHue 
rpayHcHTOB (yBeJIMUeHHe KOHTMHEHTaJIBHOCTH MIM MOXONOMaHHe), KOTOpOe CKOM- 
TICHCMPOBasIO BJIMAHME YMCHbUICHHA CKOPOCTH OCaKOHaKOMJICHMA, YCHIMIIO pactpe- 
CKHBaHHe MU OOYCIOBHJIO BOSMOXKHOCTb pocta UM Marke yTOMMMeHMA BTOpoOi u NATO! 
*KMII. PacueT BpeMeHM pocra BepxHUx uacteit »xun (§ 5) upuBoguT K BbIBOLLY, 
4TO STOT TepHO peskoro NMOxoNOqaHuA MpOMomKAIICA He MeHee MATH THICAU Jer. 

Sarem rpajMeHTbI yMeHbUIMIMCh (MOTeNMeHHe MIM YMeHbUIeHHe KOHTHHeHTaNIb- 
HOCTH), PacTpecKuBaHHe OcilaGeI0, BepXHAA MOBEPXHOCTH %KMII OTOpBaach OT 
HWKHEM MOBepXHOCTH COA eTHeETO MpoTaMBaHuA HM OHM NepeliM B UcKOTMaemoe 
cOcTOAHHe. 

Takum oOpa30m, mpemioxKeHHaa cpu3uKO-MexaHMuecKaa Teopua cbopMupoBauuaA 
CHCTEM JICAHbIX YKHII NOSBONAeCT OObACHUTh COMKHbIe WeTanu paspesoB, cleat 
BbIBObI O CMeHe (pallMasIbHbIX YCNOBMM M JaTb HEKOTOpble OWe€HKM BOSpacTa *KHIIb- 
HbIX JIbJIOB. 

B KauectBe BTOporo MpuMepa paccMOTpuM cxemy pesbetha MecTHOCTH B HU30BBe 
p. Mugurupku (puc. 6). Usnoxkennpre Bore 3AKOHOMEPHOCTH pasBUTHMA CucTemM 
JICHAHBIX OKI MOSBOMAIOT CieaTb Cue AyIOUIWe BbIBOALI 06 ucTopuu dopmupo- 
BaHHA 9TOrO paspesa. = 

B mpouisiom nolima HaxofMnacb Ha COBpeMeHHOM ypoBHe BepXHUX uacTeH TpeBHUux 
JICQAHBIX ?KWJI BTOPpOM TeppacbI MW Ha Hei OTNarasIMch MecKM, NOAcTuNaWUMe B 
HacTOAece BPeMA STH JIbAbI. KnumMat ObuI CypoBbIM; 9TH Neck OsIIM Mep3ibIMH, 
HO JIb/[bI He (opMMpoBaMch BCeACTBMe HeOMarompuATHOTO cocraBa NOpogsl. 
Satem CKOPOCTb TEUCHUA PECK YMEHBINIMMACh, Ha CIOe MECKOB Haas HaKaWIMBAaTBCA 
COM CyrIMHKa UM B HEM HayaM (OpMUpOBaTBCA HWKHMe UaCTH JIE AHbIX dK 
BTOpOH TeppacbI. OTOT npolecc mpoTeKas Mpu OTHOCHTeEIBHOM PpaBHOBecHu MexKy 
CKOPOCTBIO HAKOMJICHUA OCaJ[KOB HM CKOPOCTbIO OMYCKaHUA mecmHOCmu B TeuenHe 
10-20 TpIcau mer. 

Korga onyckanue mpeKpatusiocb, MoBepxHOCTS Pa3sBUTHA JIBOB cTama BbIXOAUTS 
B_cTaqMlo MepBol Teppacbl, pocT bOB MpekpaTMJICA, Kak oOMmMcaHO Borie TA 
oOHaxxeHua Myc-Xaz (puc. 1). 

CyieytyIouuM 9TaNOM pasBUTUA ABMIIOCE onycKaHue Oasuca sposuu, Bpes pycua 
peKH Ha rtyOMHy oKoNO 40 M u npeBpatseHue ropusouta ¢ WpeBHUMU MeqAHSIMM 
*KUJIaMM B OTHOCHTCJIBHO BbICOKYIO BTOpylo Teppacy. Satem mporecc cunreHerH- 
4YECKOrO pOcTa JI€¢AHbIX KMJI OBTOPWJICA B MeHbIIeEM MacuITabe 1 oOpasoBasIuch 


156 


MOpOAbI UM JIbAbI WepBO Teppacbl, MpM 9TOM ycuIOBMA CMHreHesa COXpaHAJIMCh B 
TeueHue 4-5 THICAU JeT. 

PasMepbI N0JIMroHOB Ha NepBoli Teppace KpynHee, ueM Ha BTOPO!i, MOITOMy 
MO?KHO 3aKJIIOUMTh, UTO OHA C(POPMUPOBasacb pu Gomee MATKOM KIIMMAaTe. 

SaTem npousoliet HOBLIM Bpes peKu MeTpoB Ha 20 u Noce Hero HauanM HaKanM- 
BaTbCA OTJIOVKCHHA UM JIb{bI yxKe COBPeMeHHOM NOMMbI, Ha HEKOTOPbIX yuacTKax 
KOTOPOM OHM pacTyT MU B HacTOAMee BPeMA y>Ke B TeUeHNe NO Kpatineli Mepe 1500 ser. 

CyMMupyaA DJIMTeBHOCTM akKyMysIAlMM Teppac (20000 + 5000 + 1500 ner) u 
CUMTaA, UTO Ha BpesbI NoTpeOoBaNNch Takoe »Ke BpeMA, MbI NOMyuaem HWKHUIt 
peje aOcOMOTHOFO BOSpacTa JIbMOB BTOPOM TeppacbI oKOO 50000 mer, HO BepoaT- 
HOCTb OTCYTCTBUA TEKTOHMUCCKUX JJBHOKeCHMM B TeUeHMe HeOMpeeeHHbIX IPOMerKyT- 
KOB BP€M€HM MO?KET MOBbICHTb HX BO3PAaCT B HECKOJIBKO pas. 

IlogBofA UTOT, MbI BUAMM, 4TO OCOpasoBaHve KPyNHbIX KJ Ha HeCKOJIbKUX 
Pa3JIMUHbIX YPOBHAX HEOOXOAUMO CBA3aHO C UepeMYIOUIMMMCA MW B JaHHOM cylyuae 
3aTYXalOUJMMU ONYCKaHHAMU VW NOJHATHAMM TEppUTOPHH; pasMepbI rKMJI MOSBOIAIOT 
OILCHHTb [JIMTeIBHOCTh AKKYMYJIAUMM Teppac; H3MeCHeHHA UMCIa MOPATKOB TpeuiMuH 
MW POCT >KHJI Ha pa3HbIX TOPH3OHTaX OMHOM UM TOM xe TeppacbI CBUeTebCTBYIOT 06 
M3MCHEHHU KJIMMAaTHUeCKUX ycIOBHM. CymjecrBoBaHve APeBHUX JIbAOB c aOcosoT- 
HbIM BO3paCTOM B HECKOJIBKO JCCATKOB TbICAUeTeTHH MCKNLOUaeT Ha OOMIMpHbIx 
Te€PPHTOPHAX pacliIpoctpaHeHHe NMOKPOBHOrO ONemeHeHuA. JlanbHeuIee Oomee WeTa- 
JIbHOe HU3y4eHHe CPOPM UM CTPYKTYpP >%KHJIBHbIX JIbJOB HECOMHEHHO YBeJIMUMT 4HCIIO 
MOMOOHBIX BbIBOOB. 
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VARIABILITY OF PHYSICAL CHARACTERISTICS 
OF SNOW COVER ACROSS CANADA 


GAYNOR P. WILLIAMS 


ABSTRACT 


The results from a survey of the physical characteristics of snow cover across 
Canada have been summarized. Regional variation of snow density, snow hardness, 
and snow grain-size are shown graphically, as well as the probability values of 
extremes for these snow characteristics. 


At Oslo in 1948 Klein (+) presented the preliminary results of a survey of the 
physical characteristics of snow cover across Canada to the International Association 
of Scientific Hydrology of the International Union of Geodesy and Geophysics. 
D.C. Pearce and L.W. Gold (2) extended the summary made by Klein for presentation 
at the I.U.G.G. meeting in Brussells in 1951. The purpose of this present analysis 
is to summarize additional results from this snow survey and to show the variability 
that can be expected in snow-cover properties across Canada. 

The original objective of the survey was to carry Out periodic measurements of 
the physical characteristics of the snow cover at a number of observation stations 
to obtain useful data applicable to a wide variety of winter problems. The survey, 
sponsored by the Associate Committee on Soil and Snow Mechanics of the National 
Research Council of Canada, has been carried out with the co-operation of the 
Meteorological Division, Department of Transport and various pulp and paper, 
and power companies across Canada. 

The instruments used to measure the characteristics of the snow during this 
program developed into what is now known as the «Canadian Snow Kit». A detailed 
description of this kit, including the methods used to measure snow characteristics 
is contained in papers by Klein and Pearce and Gold (Caray 


OBSERVATION STATIONS 


Figure 1 shows the location of the observation stations providing the data which 
are now analysed. Snow observations have been made at several other stations 
which were not included because the data were often insufficient for detailed analysis. 

The survey was limited to two types of stations: exposed statfons with a flat, 
unprotected test area free from disturbances due to trees, buildings etc., and sheltered 
Stations with a test area sheltered from wind action. At each station a suitable area 
of about 500 square feet was selected for the semi-monthly observations of the snow 
profile. 

It is considered that the stations shown in Fig. 1 cover a wide enough range 
in climatic conditions to be representative of snow characteristics likely to be encoun- 
tered in Canada. 


DATA USED IN ANALYSIS 


The snow characteristics analysed were snow density, hardness, and grain size. 
Snow density gives a measure of the relative proportion of ice and air in snow. 
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Fig. 1 — Location of the observation stations across Canada. 


Tt was measured by inserting a 250-CC sampler horizontally into the snow-cover 
profile and weighing the sample of snow obtained. Though density measurements 
were obtained from the ground to the snow surface at regular, layer intervals, only 
density measurements from 6 to 18 cm below the snow surface were used in this 
analysis. Choosing a specified position in the snow cover can be compared to the 
standardization of the height of meteorological instruments so that readings from 
different stations can be compared. : 

Snow hardness as measured wiht the NRC hardness gauge is not easy to define. 
However, by measuring the stress under a compressive load at which initial collapse 
of the snow structure occurs, some measure of the strength of deposited snow can be 
obtained (3). The measurement is obtained by pushing a disc horizontally against 
the exposed snow layer and measuring by means of a graduated spring the force in 
grams per sq cm at which collapse takes place. Only hardness measurements from 
6 to 18 cm below the snow surface have been used in this analysis. 

Grain size is estimated by comparing the size of the grains with the spacing of 
lines on a plate ruled in millimetres. As there were insufficient grain-size observations 
in any specified layer, grain-size data were taken from all available layers. 

To describe a snow cover properly, measurements on grain shape, free water 
content and snow temperature are also needed, but these were not included in this 
analysis. Measurements of snow temperature obtained semi-monthly on snow profiles 
at different stations do not give much information for statistical analysis. Because 
of the difficulty of measuring free water content under field conditions, this snow 
characteristic was seldom measured by the snow observers. A preliminary analysis 
of grain-shape data indicated that there was often too much bias in the results to warrant 
including them in this study. 

The numbers of observations are given in Table I. Over 600 density and hardness 
observations and over 2000 grain-size observations were used. It was considered that 
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there were enough observations to enable a proper analysis to be made of these three 
properties of snow and thus to show the regional variation that could be expected 
under a wide variety of climate and site conditions. 


TABLE I 


Analysis of snow survey data from stations 


ee CC — 


Years No. No. No. 
Station of of density of hardness of grainsize 
observations observations* observations* observations * * 
Sheltered 
Shawbridge 3 36 44 84 
Forestville 3 37 49 [S52 
Fredericton 3 29 28 80 
Ottawa 1 39 61 49 
Aklavik 1 73 72 74 
Exposed 
Old Giory 3 44 48 281 
Resolute 5 209 128 693 
Winnipeg 3 58 60 168 
Ottawa 5 33 26 123 
Gander 3 31 62 74 
Aklavik 3 31 60 385 
Grand Total 620 638 2163 


*6 to 18 cm from surface 
**all layers 


SS 


» 


METHOD OF ANALYSIS 


The assembled data were arranged in class intervals. For example, all density 
data were tabulated in class intervals from 0 to 0.05, 0.05 to 0.10 up to 0.45 to 0.50 
gm/cm*. Once the data were arranged in this form they were plotted on arithmetic 
probability paper. On this type of paper a normal distribution will appear as a 
straight line (4). This form of plot is a convenient way of comparing snow survey 
results from several regions on one graph. The same information could have been 
presented by standard distribution histograms but it would have been difficult to 
compare the histograms graphically on one drawing. In addition, this form of 
presentation gives the probability of minimum and maximum values of certain snow 
characteristics in various regions; information often useful in applied problems. 
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DENSITY VARIABILITY 


Figure 2 shows the snow density data from 6 to 18 cm below the snow surface 
plotted on arithmetic probability paper. 

For all sheltered stations, density values were under 0.41 gm/cm? 90 per cent 
of the time. The only station that showed somewhat different variability was Aklavik 
where densities were less than 0.28 gm/cm? 90 per cent of the time. This station has 
smaller density values because frequent depth hoar formations result in a compara- 
tively low-density snow type. 

Snow density shows more variation for exposed stations. At Resolute density 
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Fig. 2 — Snow density data from 6 to 18 cm below the snow surface plotted on 
arithmetic probability paper. 
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values are greater than 0.26 gm/cm* 90 per cent of the time. Again frequent depth 
hoar formations at the Aklavik site result in comparatively low density snow. 

Figure 2 shows that snow density in Canada generally varies from 0.05 to 0.45 
gm/cm*, with values outside this range rarely reported. Varying exposure to wind 
action causes greater density variation at exposed than at sheltered sites. 


HARDNESS VARIATION 


Figure 3 shows a probability plot of hardness values in snow covers, 6 to 18. 
cm below the surface, at sheltered and exposed stations across Canada. 

At sheltered stations hardness values are under 1000 gm/cm? 90 per cent of the 
time; and under 100 gm/cm? 40 per cent of the time. At Aklavik hardness values 
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Fig. 3 — Probability plot of hardness values in snow covers, 6 to 18cm below 
the surface, at sheltered and exposed stations across Canada. 
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are under 250 ym/cm? 90 per cent of the time. Aklavik, with a cold, stable winter. 
has few freeze-thaw periods during the winter months; this appears to be the main 
cause of higher hardness values at the other sheltered stations. 

Ai exposed stations there is a much greater variation in hardness values. It is 
interesting to note that the two most northern stations report the greatest extremes 
in hardness values. At Resolute, hardness values of 2500 gm/cm? or greater occur 
at least 40 per cent of the time; at Aklavik, hardness values of 100 gm/cm? or less 
occur at lea§t 55 per cent of the time. 


GRAIN-SIZE VARIATIONS 


Figure 4 shows a probability plot of grain-size determinations from all snow 
layers at sheltered and exposed stations across Canada. 
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Fig. 4 — Probability plot of grain-size determinations from all snow layers at 
sheltered and exposed stations across Canada. 


163. 


Though grain size is sometimes difficult to measure, and thus subject to personal 
bias, Figure 4 shows that grain-size curves are quite similar at all sheltered stations 
except Aklavik. At Aklavik, approximately 20 per cent of the grain sizes were reported 
over 5 mm. At all other sheltered stations 90 per cent of the values reported were 
under 3.5 mm. 

The grain-size curves are almost identical for all exposed stations with the 
exception of Aklavik and Resolute.The grain-size curve for the exposed site was 
almost identical to the curve for the sheltered site at Aklavik. At Resolute 90 per 
cent of the observations were under 1.5 mm. 

Figure 3 indicates that, except for Aklavik, 90 per cent of all snow grain sizes 
reported were under 4 mm. and approximately 50 per cent of all grain sizes reported 
were under 1.5 mm. 


DISCUSSION OF RESULTS 


The analysis of snow survey results by the use of probability paper can be com- 
pared to climatological analysis. Just as a description of the climate of a region will 
not give much information as to meteorological conditions at a particular time or 
place, neither will a climatological analysis of snow survey results give accurate 
information about snow properties at a particular time or place. Figures 2, 3, and 4 
however, do give a representative picture of the regional variability of specific snow 
properties such as density, hardness, and grain size. 

It is considered that by giving the probability of occurrence of certain snow 
properties at different locations some useful information has been gathered for those 
engaged in snow studies. Density values provide some information from which snow 
thermal conductivity can be estimated. From hardness values, designers of over- 
snow equipment will be able to make assumptions regarding the extremes likely to 
be encountered. Grain-size values provide better understanding of the variability 
of snow as a material. 
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PHYSICAL PROPERTIES OF THE SNOW COVER 
G. K. SULAKVELIDZE 


SUMMARY 


I. The snow cover is considered to be a porous medium containing water in three 
conditions: solid, liquid and gaseous, with the prevalent solid phase. Physical properties 
of snow are considered by the liquid and gaseous contents in the snow cover and 
by its density. 

2. Snow cover compression and extension indices are determined experimentally. 
Investigations show that if a pressure on the snow cover does not exceed 50 gr per 
cm’, the latter experiences a plastic deformation. With a further increase of pressure 
the snow compression continues due to brittle fracturing of snow grains and crystals. 

The report gives data on a value of the coefficient of internal friction and cohesion 
forces and that of snow toughness depending on its density. 

3. Besides, there are data concerning the character of solar radiation reflection 
by the snow surface and its absorption by the snow cover, as well as values of spectral 
coefficients of radiation absorption and reflection from and in the snow cover. 

It is found that in cases when an angle of descent of a ray with the snow cover 
surface is less than 70°, the indicatrix of reflection from the snow surface has no mirror 
component which appears in a fall plane at an angle of descent of over 70°. 

4. Owing to experiments the coefficient value of the heat conduction of the snow 
cover and its dependence on the snow density are defined more accurately. 

An equation of full heat exchange in a snow mass is drawn with allowance for 
the energy of phase transitions for three cases: 

a) if the snow temperature is less than —25° er 

b) if the temperature varies from 0° to —25° Ee 

c) if highly damped snow is frozen. 

5. An equation of a complete heat balance of the snow cover is drawn with 
allowance for the energy of phase transitions in the snow thickness depending on its 
density and moisture content. 

6. An equilibrium equation of snow masses on mountain slopes for loose and 
packed snow is drawn and Balabuev-Sulakvelidze avalanche diagrams for forecasting 
avalanches are given. 

7. A relation is determined between physical and mechanical properities of 
snow (internal friction angle, density, etc.), angle of slope, length of the slope and 
velocity of avalanche. 

: 8. A pressure originating during the avalanche impact on motionless obstacles 
is calculated on the basis of physical properties and mass of the avalanche snow 
cover, angle and length of the slope. 

9. The author gives the results of comparing the force of the avalanche impact 
on motionless obstacles with computation data. A nomograph for determining the 
force of the avalanche impact on motionless obstacles is given. 


- 
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CHEr HW EFO CBOHCTBA 


I. K. Cynaxsenupse. 


Cue KHIM NOKPOB, HECMOTpA Ha TO, UTO MeDBbIe OMBITHI M0 MCCe€HOBaHuIO ero 
(USM4ECKUX CBOMCTB HACUMTbIBAIOT CTOJIETHIOIO WaBHOCTS (30, 34, 37), usyuex 
COBeplIeHHO HeEOCTaTOUHO. 

Sajaua, KOTOpyiO MbI CTaBuM B STON padoTe 3aKmOUaeTCA B TOM, UTOOLI HaliTH 


sHayeHue KoSduINMeHTOB, xapakTepusyromux cpusuueckue cBOlcTBa cHera Kak 
ysAkuuI0 ero MNOTHOCTH UM BMarxKHOCTH. 


CXKATME CHErA 


B npeabijyuyax uccneqoBaHuax (7, 8) Gomee u Meee nNog“pobHo SEM v3y4eHbi 
MexaHMueckMe CBOMCTBa CHera (ChxKaTHe M pacTA»KeHMe, COMpOTUBIeHNe pa3spbIBy). 
OgHako KOJIMUeCTBeHHaA CBASb Me?Ky MepBoHauaNBHOl MIOTHOCTBIO cHera, mpi- 
JIO*KCHHOM Harpyskoi, BpeMeHeM M BeMUMHOM pecdopmarmu Obi MomyueHDI 
JMMUb WI Harpy30K nopayKa 80-209 r/cm?, KoTOpbie OObI4HO BOSHUKAIOT Ip UCKYC- 
CTB€HHOM yIiyIOTHeHMM CHera (9). 

IIpu narpysrax mo 45 r/cm? yumorHeHue cHera mpoucxoyuT 3a cuer Gomee KOM- 
MaKTHOrO pacnpeseseHuA CHE*KMHOK WM BbITeCHEHUA HAXOMAIerOocA MEXKTy HUuMH 
Bosyxa. IIpu sToM BO3HUKaeT MMacTuuecKoe WecbopMauMA Mu Mepepacuipenenenue 
CHE7KMHOK 3a CueT NPeCOMOJICHUA BHYTpeHHero TpennA. 

Jn ycraHoBeHHuA 3aBMCMMOCTH M@KAY yBeIMUeHHeM MIOTHOCTH CHera uM mpu- 
JIO*7KCHHOW K HeEMy Harpy3KU B TepMOKaMepe, Tye MOoKHO O_o NOAWepxXaTb m0- 
CTOAHHY!O Temiepatypy B MHTepBase or 0 FO —15° C, k natu OOpasijam cHera OWHOM 
M TOM Ke IJIOTHOCTH NpUKabIBanuch HarpysKu oT 5 Wo 50 r/cm? u uccmeqOBasIOCck 
OTHOCHTeJIbHOe yKOpauuBaHue OOpasiia cHera. 

V3 oTux onbiTOB 610 MOMyUeHO, UTO OTHOCMTeNbHOe YBeNMUeHHe IMOTHOCTH 
cHera IpH Harpy3kax He cBbiute 30 r/cm? uw TeMMepaTypax oT 1° fo —15° moKeT 
ObITh IpeycTaBsieHa B BUTE: 

Ap 
= | 0.38 — 1,88p,)o + (11,8 — 3,88p.) |-10°% 
p 


+ (1,5 — 3,6p,)o-10-2 + (0,16 — 0,78p,)-10-2 


rye t — BpeMA B MUMHYyTax, OTCUMTHIBACMOe OT MOMEHTAa IIPMNIOxKeHHA HAarpy3kKu, 
o — HalipsKenue, Ap — Mpupalljenue MIIOTHOCTH, pp — MepBOHAUaIbHaA WJIOTHOCTh 
cHera. Ilpusenenuyro cbopMysy MO>xKHO MPMMeHUTb MOcMe MBYX 4YaCOB CO BpeMeHu 
MpuNoOxKeCHUA HAarpy3Ku. : 

Ilpu BHesaNHbIX SHAUMTeNbHbIX Harpy3Kax, BOSHHKAaIOWIMxX Ip, yMape CHe>KHOIt 
JIABMHbI O HCMOABMWXKHOe MPeMATCTBHe, WechopMallMA CyKaTHA CHera NPUXOMMT, riaB- 
HbIM OOpasomM, 3a CUeT XPpyHKOLO U3IOMa, MrHOBaHHOM perxkenaunu. Ha ocHoBaHHH 
SKCHEPMMeEHTAJIbHbIX MCCUE OBaHU, IpOBeAeHHbIx B 1949 — 52 r.r. Opa nONyyeHa 
3aBUCHMOCTh MexKTY KOHeCUHOM MNOTHOCTbIO CHera HM BesIMUMHOM Harpy3KM pu 
3HaUeCHMAX MOcMeqHeM, mpeBbriiyjaroujen 0,5 Kr/cM?. 


Ap = (3,10 —7,81p,)p.P - (2) 
re p, — MepBouauasbHad MWIOTHOCTh cHera, Jp — MpMpallleHMe MWIOTHOCTH, a 
P — japnenue B Kr/csi?. Dopmyna (2) Momer ObITb NPuAMeHeHa [IA Cyxoro cHera 
pW HauabHEix moTHocTax or 0,11 go 0,37 r/cm’. Cpemguaa morpelinocrh b 
onpefesieCHuu BeIMUMHbI 


(1) 


af 
Po 


He mpeBbuuaeT 2 % : 

Ypasnenue (1) MookeT ObITh IpMMeHeHO Mpu pacueTe OceaHHA CHera NOW jeli- 
CTBMeM COGcTBeHHOrO Beca, UTO JIA MIOTHOCTH cHera Ha ruyOuHe Z MpMBOAMT K 
BbIpaxkeHvIo BUya: 


P= p.| (0,38 — 1,88p,)"10°° + (1,5 — 3,6p.) ¢ 10 |7 oe 


(2) 


B orsmmune OT COOTBETCTBYIOWIMX BbIpaxKeHMi, MOyueHHbIx AOJ, llieneneecKuM 
(1908, 1937 r.r.) u Op., ypaBHeHue (3) yuMTbIBaeT M3MeCHEHHIO MJIOTHOCTH CO 
BpemMeHem (cm. BeiinGepra). 

J{ua ompeyesieHuA MIOTHOCTH cHera dbopmysia (3) He MOo#KeT MPUMeHATECA B 
palioHax C MHTCHCHBHOM payMaljueii, cnocoO6crByroulel TlepeKPUCTaIIMSalMOHHbIM 
HW PO*KeJIANMOHHDIM TIporeccaM HW OOpa3s0BaHuio « BETBUCLOM » CTpyKTypbI perKesu- 
pOBaHHOrO CHera BHYTPH NHOKPOBa, YEM B OCHOBHOM UM OMpesesIAeTCA MJIOTHOCTE 
cHera Ha 3THX yuacTKax (35, 40). 


PACTAKEHHE CHErA 


B pesyibTaTe OMbITOB, MPOBE/[CHHbIX, KaK B MPVpOHbIX, TaK HM B NWadopaTOpHbIXx 
YCIOBMAX, ObIIO yCTaHOBJICHO, YTO BeIMUMHA WecbopMaluM CHera Mp pacTsDKeHUU 
He MOKeT ObITb UpecraBseHa KaK OHO3HAUHAaA (byHKUMA ero cocTrosBMA (MIOT- 
HOCTH, BJIaxKHOCTM MW TeMMepaTypb!). 

OOpasubl cyxoro cHera, BbINasaBuero B WITHeByIO Noroxy, NosBeprasuch B 
jadopaTopuu KoueOaHHAM TemMepatyp OT —3° o —10°, u jfaxKe Ha 6-e CyTKM Mocme 
B3ATHA 1poOO UX CONPOTHBIEHHA paspbIBy PaBHAJIOCb HyJIIO. 

CHexxKHbIM MOKPOB CO CMepSIUMMYCcA VIM 2Ke pexKemMpoBaHHbIMN 3epHaMu B 
HCKOTOPbIX CJIyuaAxX BbIfepyKUBall paspbiBaroujee HanpArKeHue B 200 r/cm? B 
Treuenue 2 cyrox. Koryja cHexKHbIii MOKPOB OKa3bIBaJI XOTA ObI HEOOIBIMNIOE conpo- 
THBJICHMe PaspbIBy, MPM [eTaIbHOM MCceqOBaHuM OOHapy»xKUBAUCh CHCTeMbi 
CPOCIIMXCA, Pe+KeJIMPOBAHHbIX, CMep3UIMXCA CHeE>*KHHOK. 


Takum o6pa30m, pu pacra>KeHUM CHera MbI MMeem je0 c edopmarveit cucrempl 
JI€QAHbIX BeTBeM, a He CHeXKHbIX KPHCTAIOB. 


Benuunna pa3ppbiBaiomsero HanpsoKeHuA o, 3aBMCHT, TlaBHbIM OOpasomM, oT 
(PUSVKO-MexaHM4eCKUX M TeEMJIOBbIX MpOeccoB B CHe»xKHOM MOKpoOBe, IpesuIecTBO- 
BaBIUMx onbity. Takum oOpasom, ecbopMalMA CHera Mp pacTaxKeHHM He ABJIAeTCA 
OWHOSHAMHOM cbyHKUMel ero TemuepaTypbI UM MOTHOCTH, a 3aBMCUT OT MOTOMHEIX 
yclopui. 


Besmunna OTHOCHTeIbHO } Hecbopmaumu cHera MpuW pacTAy,KeHuM, axe WIA 
(bupHusupoBaHHoro Hacta, He UpeBbuUasa 70 wes 


BASKOCTb CHETA 


Baskoctb cHera HaMM onpeylenanach ZBYMA MeTopaMmn. Ilepppii-meroy Teuenua 
cHera NOf{ WelMiCTEueM BHEWIHeM Harpy3Ku, onucaHHE: it Toddom u Orrenom 1932 r., 
NPHBOLMT K OLICTpOMy ynOTHeEHUIO CHE»xKHOTO moKpona (8, 9), B pesymprare uero 
onpemenaetca KosiunnNenT B3AKOCTH (bupHa, a He cHera. 


Bropow MeToy, 3sakmnoualca B u3yueHun MUKPOCnOsI3ZaHuA CHera NOW WelicrBuem 
cCOCTBeHHOrO Feca HW EbIUMCNeHUU Koo¢ Puerta PAsKOCTH NO fisBecrHolt cbopmysie: 


Mi= (4) 


rye M — xosocbunment BASKOCTH, gp — Y]{eIbHbIM Bec, h — ratyOuna cHera, a — 
YKJIOH HakJIOHa CKJIOHa, AV, — u3smeHeEMe BenHUnHI CKOpOCcIM MUKpOCHoN38aHUuA 
¢ riyOuHoli. Ckopocts muKpocnonsanua onpefenAach NyTeM UsMepeHuA Mepeme- 
MLCHHA OCH CKBaKUH, 3af@HHbIX B CHEYKHOM NOKPOBe Ha CKJIOHE Cc YKJIOHOM 30°— 
48°, BHYTPb KOTOPbIX 3acbInanach Kpacka. Ha 4-12 cytkKw mocne saknaqKn cKBa- 
*KMEBI PaCKallblBanuCcb U W2M.ePAIIMCh Mepemettienve ocu CKBaKUHbI, W pacuipocrpa- 
HeHMe KpaCKH B TONE CHera, Onpesenarorsee avd dy3svucuHbie mpoueccst. 

Sapucumocts M or p> IpuBeyeHHax B Taos. I, Mover OLITS npeyctaBiieHa B Bye 
Ce NYrOUero Bhipaxkenua: 


M = 2,5-1081 ?”%5e (5) 
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aOsre 1 
Ir a eg 


MuHa ceK 
p 2/cm3 M Seah IIpumeuanue 
cM 

0,15 1,0 . 10 

0,20 DSi 11.02 

0,30 354°. 102° 

0,35 1,0. 1018 

0,50 1,3 . 1018 M10 JaHHbIM akay. GaBpuesa 5,29 

0,90 1,2 . 1014 no maHHpim Jiunu (13) 


Kosdppunnent Tpenua, paspsiBawuree Hapa KeHue HM Cana CHenNeHHA B 
CHe?KHOM HOKpoRe. 

Bce 91M cBolicrsa 6pm nogxpobuo usyyuenpr B 1928-1937 r.r. A. T. Toddom u 
u I. D. Orrenom (8, 9), uro MO3BOMAeT HAM KOCHYTBCA JIMUIb HEKOTOpPBIX OCObeH- 
HOCTei, KOTOpble B CBOe BPeMA He ObIIM OTMeUCHbI YMOMAHYTHIMM aBTOpaMn, 

Bo Bcex Hallux onbITax TpeHve moxoa Ha 5 % wm GOonpule mpeBLIuTaeT TpeHue 
ABYOKCHUA, UTO YKa3bIBaeT Ha H€BOSMOPKHOCTS TIpes[CTaBIeHHA CHe>xKHOrO MOKPoBa 
Kak Cbilyueli cpeapl. 

JIna cBexKero Cyxoro cHera paspbiBarollee HanpsKeHMe ONM3KO K HYJIO. 

Jina moBepxHOcTHOro coda (HacTa) BeIMUMHA pa3spbHIBaIoOMero HanpAxKeHuA 
mocruraet 200 rp/cm?. 

IlopepxHocTHbIt cmow cosmaetca Ha BTOpok — TpeTHit WeHb MOCcNe cHeronaza, 
HO K 9TOMY BpeMeHH Y NOBePXHOCTH NO4BbI (uM MorpeOHoro HacTa) yxKe OOpasyerca 
TIYOMHHbIM UHeM, CNOCOOcTBYIOIMIMH CpbiBy waBMH (34, 38, 39, 40). 

Ilostomy B pxaye paOor yKa3bIBaeTCH Ha JaBHHHy!0 OMaCHOCTh MpH nMo“_pesaHuu 
MOBeEPXHOCTHOTO WiacTa JIbpKHeM (CM., HampuMep, Semurmaua). 

B 1939 rony ObluIo OTMeYeHO, UTO BHE3AIHbIe HEOOMbUIMe NOTeMIeHUA Ha Bonpur0oM 
Kaskase IpHBOAAT K pesKOMy yBeuIM4eHHtO cxoya maBuH (25). Onno-—ByxqHeBHOe 
noTemsieHue B cbeBpasie MecAlle, KOHEUHO, He MOPKET IPMBECTH K YBIIaxKHeHUW BCeli 
TOMA MoKpoBa Ha bonputom Kapkase, a BbI3bIBaeT HeOobUIOe TaMHve. IMUIb 
MOBePpXHOCTHOTO COA, MpHBOAAMIee K HAPyWIeHHMIO CBA3ei MEXKTY OTACMIbHbIMU 
KPUCTasIaMM HW pesKOMY yMCHbILIeHH!0 o, HaCTa, UTO B CBOIO OYepesb cnocoOcTByeT 
CpbIBy 1aBHH. #3 

Hyoxe npHBogMtTca cBomqHaA TaOIMayBeIM4HH, XapAaKTePH3yIOUIMX MexaHM4ecKue 
CBOlMicTBa CHexKHOrO moKpoBa (8, 9). 


(aome. 2: 
| Yron paspbIB Harp. a, 
XapaktTep cHera BHYTpeHHero | Kosuy. |——-——, —_ ,-_— 
TPeHUA s TpeHua f | MHMM | MaKCHM | CpeqHee 
x —— 
1. Cyxoti cuee. 
1. [nyOunHpm une 5° —_ 0 10 10 
2. CBexui cHer 109°-20° -| 0O,-0,10 10 20 10 
3. YouOTHMBIUMMCA cHer 30° 0,40-0,50 75 500 300 
4. Dupuy 50°-60° — ° _ _ = 
| 
2. Moxpoiti cee. i 
1. CBexuit cHer 209-30° 0,13-0,35 100 300 250 
2. YnouOTHUBUIMMCA eHer 40° 0,30-0,48 300 1000 500 
3. Dupx 60°-70° — 500 5000 | 900 


AJIBBEIO CHETA 


AnpOeqo CHexKHOrO MOKpOBa U3yuasIOch HaMM C MOMOLIbIO MMpaHOMeTpoB 
IO. J]. Anmumesckoro, PoTosTeMeHTOB UM 7KeaTHHOBbIX (puJIHTpOB C usOMpaTesD- 
HbIM TIponycKaHuem. YcraHOBJIeHO, UTO CyXOl CHer pa3sIMUHbIX BUOB, pu upoaux 
PaBHBIX YCJIOBHAX, MMeeT OMHAKOBOe asIbOeqO MIpAMOM paualuu B mpemesax 
TOUHOCTH UusMepeHunA — 2 % 

AnpOemo paccexHHOM pana cyxoro cHera 3aBMCUT OT xapakTepa OOmauHOCTH 
M M3MeHHeTCA OT 60 % pM BHICOKOM OOaUHOCTH Fo 80 % B ciryuae npusemHOrO 
TymMana. J]A BiaxKHOrO M 3arpAH3HeEHHOrO CBexKero CHera BeIMUMHA asIboOeqO u3- 
mMeHAeTCA oT 45 % (CHJIbHO 3arpASHeHHbIM cHer) Wo 60-65 % (cnerKa yBaKHeH- 
HbIM CBexKHi cHer). B ciyuae npAMOM paqMaluM anbOeyo cHera 3aBMCMT OT yrma 
najeHua Jyua. B pesysprate uccseqoBaHnui (33) ObiIMm MOoNyUeHbI JaHHBIe, MpHBe- 
HaHHble, B TaOmuMe 3. Karxkqoe upuBeseHHoe 3HaueHMe ABIIAeTCA cpeqHuM U3 
50 HaOsmrofeHuit. 


TaOnuya 3 
—_ -Yrou nayenus | 0° | 10° | 200 | 30° | 40° | 50° | 60° 70° | gge | 90° 
OtHouleHne oTparxKeHHol pa- 
auatnu B °%, K nayaiout. 59,1 )59,1| 159.4 60.0 630 £60198 74,5 | 82,5 | 97,2 
SURO GA | : 
Ss ey | 


Ilo jaHHbm sto TaGnMubI MosyueHa 3aBMCHMOCTD BeNMUVHDI oTpaxKeHHo 
paqwauuu OT yria MoxeHusA sya: 

I, = 95,5 — 69,8 cos « 33,8 cos 2x, (6) 
rye I, —- orpaxkeHHaa paquayua B % K nayaromeit, « — yroul mayeHua mpAMoM 
payuaunn. 

Dopmyna (6) o6’acHAeT pacxoxKaeHve B BeNMUNMHAx amibOeqO, MOUyAeHHbIX 

. H. Kanurunsim, H. T. Uepxuroscxum. Jlannpie o60nx AaBTOPOB XOPOIIO COB- 
MaqaroT CO 3HaveHHeM, BbIUMCICHHbIM 0 (popMymne (6), ecm yuecTh pasHuny B 
BbIcoTax CoyHua Ha OnpOpyce u na ocrpope Yequnenua, rye MNPOBOAMIMCh 3TH 
ucceqoBaHua (11, 12, 41). 

Auaslormunad paOora 6buia mpoBeyena m0 ONpeAeIeHMIO BEJIMUMHbI OTparxKeHuA 
COHeUHON payMayun WIA wectu yuacTKOB cileKTpa (cM. TaOm. 4). 


Ta6snmua 4. 
Ee NP ee 
y 
nanenua| 80° | 75° | = 70% | = 60°.) 50° 5 le a5eit 302 eegson tially Oone enna 
“JaHHbI i | -. 
1000 55%| 490% | 
55% | — | 40%| — | 32%! 24%] 23%] 220%! 290 

195 TE I-62 SR Batede ape deny hea al aes eo ee ee 

S90= | STU ARG IEG! || any eo BAs cen sa 6 | ser PG tell eee eis 

560: 59730 JO— | ab egpen Ricdiiossing 59 lenses eeomeMl eae 

SOON = 88° 078 mag Nout So sheer te gs Jitras ell eieo une 
42S 19 82 TZ 2b 63 F iSGee penine 5g L Aik Agus ore lie anaela 


Bile I. Kysmuu u gp. (15, 16) orpuuaror 3aBucumocrn MO@*K]LY YrIOM Nayenusa con- 
HCuHOM payuaywu WM BeIMUMHOM anpoeno. H. M. Ilucakxona p 1947 r. nonyunna 
SaBMCMMOCTh Merk ly abOeqO HM BBICOTOM cosa (26). 


MHGWMKATPHCCA APKOCTH CHEXKHOrO TOKPOBA 
Mugunatpucca APKOCTH CHE*KHOTO MOKpoBa Oba onpeseseHa KpHHoBbmM B 
1951 r. Onguako stu onpeeseHuaA TpeOoBasM anbHeiiuiero yrounennua (16, 17), B 
1950-1953 r.r. Hamu 6pm TIPOBeeCHbI padoTh! m0 onpeesmeHuro MHUKarTpuccpl 
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APKOCTH CHE/KHOO MOKPOBa JIA paSNWUHbIX YIIOB MaleHua conHeuHOrO qayua. 
APKOCTE ONpeenANAch BAONb cena BepTUKasIM COJIHWa Ha CH€YKHOM MOKpoOBe uf 
BHOJIb MPAMBIX COCTABJIAIOUIMX CO CUeOM BepTukayia yribi B 45° nw 90°. APKOCTh 
NOKpoBa B 9TMX HallpaBJIeHMAX ONpeAeAach MPH BbICOTaX ComHYa B 15°, 30° u 60°. 


PesybTaTbI CBeseHbI B TaOmuue 5. 


Ta6Onuua 5. 
a 
OrHouleHue ApKocTu 
Yrou Hayy FOpu30H TOM, BAO | cHerak MakCHMasIBHO;t 
KOTOPOroO OMpejesIAJIOCh APKOCTH B % Buicota comHua 
APKOCTB _ — ——— 
15° 45° 60° 
15° 35 80 88 | OrcueTbI yru0B BAONb KOTO- 
30° 35 84 91 PbIX ONpeesAOch OTparKe- 
45° 32 81 86 | HMe, BeIMCb CO CTOPOHBI 
60° 35 83 86 | comHia 
60° 35 83 86 
90° 38 91 97 
: 105° 40 91 99 
120° 46 91 99 
135° 53 95 99 
150° 64 99 100 
165° 100 100 88 


AunasIM3 TaOIMUbI MPHBOLUT K CyefyIOUIMM BbIBOZaM: a) B BepTHKame couHya, 
pH BLIcoTe MocueqHero B 15° HM MeHbIIIe, CHeEXYKHbIM NOKPOB MpOABJIAeT CBOMCTBA 
3e€PHKaJIbBHOrO OTparKeHHaA (KsIacc 5 no Ilaponopy (48), 6) B BepruKaye coHa, pu 
BbICOTe NocueyHero Oonbute 15°, cHer OOaqaeT MaTOBbIM OTpaxKeHvem (KJIacc A 
no Ilaponopy), B) BO BCex OCTasIbHbIX HallpaBJICHHAX CHer XapaKTepusyeTcaA TaKrKe 
MaTOBbIM OTpa?KeHHeM He€3aBHCHMO OT BbICOTHI COJIHIA. 

Jannpre Muga u Monrona copnagarrT c MpHuBeeHHbIMM pesybTaTamu. OnbiTbl 
SayGepepa (50) TaKoxe MOATBEp»KTaIOT HANIMUMe 3epKaJIbHOO OTParKeHUA y CHe?K- 
HOrO TIOKpoBa pu GompuiMx yruiax nayeHua, xoTA Tamc orpuyaer stot acspdpext (54). 

B 1954 rogy. Baum CHATbI MHAMKATpHCCbI APKOCTH CHera AIA WMH BOTH 619mm 
vu 496mm mpH BbIcoTe comHya B 15° u 18°, KOTOpbIe NOATBEPpAMIIM XapaKTep 3epKasib- 
HOrO OTpaKeHHA CHera pu SobUIMX yryiax MayeHuA comHeuHOrO Jyua (2). 


NOPIOMEHHE COJIHEAUHOH PANHAUMH B TOUIDNE 
CHEXKHOTO WOKPOBA 


UccneyqoBaHMaA MOrsiolleHHA COHeUHOH paqMalHu B TOMIe CHexKHOrO MOKpoBa 
NpoBoAMIMch almapaTypou, OCHOBaHHOM Ha NpUHIuNe TepMOMNMpaHOMeTPOB (33, 35): 
PesynptTaTbi uccneqoBaHuad KosdbduuMeHta norsoujenua K wuTerpasbHon paya- 
UMM B 3aBMCMHMOCTHM OT MIOTHOCTM p CH@?KHOrO NOKpoOBa CBeyeHbI B TaOsMUe 6. 


Tadmuua 6. 
p Tic? 0,10 | 0,19 | 0,39 | 0,59 | 0,65 
| | ea! 
K cm2/r 1,19 | 1,08 | 0,86 | 0,74 0,72 
| = * 
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Ilormoujenue pagvelwH B TONE CHE*HKHOrO NOKPOBa MPOMCXOUT TO IKCIOHEH- 
UWanbHOMy 3aKOHY, IpHueM MHTeHCMBHOCTD payuaiun I, Ha rayOunHe Z MorKHO 
Mpey{cTaBUTb B CyIe{yIOIeM Buse: 

— 7 
167) 2 (IE @) 
Ilo qaHHpmmyraOmmup (6) snomyuaemF cyreqyrouly!o [saBucuMocTh Merkiy K w p: 
BKg§—81,31 —jl,llp 
Iloqcrapus: Bpipaxenne$ana) KB cbopmysy (7),f£nomyaun : 
11(Zp) = (1,%— I) —#0,31 —21,11p)pZ (8) 
Syauenua K, nomyuenupie H. H. Kannurunpim, II. Il. Kysbmunpim, Tamcom u 
SaySepepom (1936-1948 r.r.), yKuaqbrBaroTca B dopmysy (11, 19, 20, 50, 54). 


PesybTaTbI Olnpe TesICHuA KoodcdbunMenta NOJIOUCHHA JIA pa3sJIMUHbIxX yYUaCcTKOB 
CHeKTpa B 3aBHCHMOCTH OT INJIOTHOCTH CHera TIPUBETICHbi B TaOsuie thes 


Tadnmua 7. 

cpeqHAA 

0,10 0,19 | 0,39 0,59 0,65 | Wemaravee 
725 1,20 ith! 0,94 0,79 0,79 0,97 
590 1,34 1,22 1,01 0,80 0,80 1,07 
569 2,00 73 1323 0,82 0,82 1,39 
50) 1,04 1,00 0,80 0,76 0,72 0,90 
425 1,70 1,50 1,16 0,81 0,80 1525 


KOS@@HUYVEHKT TENJIONPOBOJHOCTH 
CBHEXKHOTO ITOKPOBA 


SaBUCHMUCTh MEKTY KOahd@uMentToM TenNOMpOBOMHOCTH MW NOTHOCTHIO cHera 
Obla BHepBble onpexenena AGenncom I’. D. (1) metozOM satyxaHua TemnepaTypHbIX 
BOJIH B TouMe MoKpoBa (1893). OguaKo, pa6ota Oxana, Aucena, Xumperpoma 
(1902-1904, 1914), Kyspmuna A. A. u Kongpatsenoit JI. C. (1939) noxasanm, ato 
uccneqoBaHua Adenbca tpeOyicT yTrouHenuaA (3, 14, 18, 47). 

Auanm3 ycnonni onpita A€enEca noKazas, YTO CpeaHAA MOLrpylwHOCTS B THX 
MCCIeHOBanVAX Obima He MeHEWe 16 % OT HemMepAemMOl BenMUMHEI. 

B 1955-1956 r.r. Vocupa (46), npepsoxvn HOBBIit mMeTOA onpezeneHusA TeMsI0- 
nmpoBoyHoctu cHera. Metasnnueckui cccyz, sanonHeHHblit cHerom, TepmMocTaTu- 
poBasIcA Tip TemMepatype u,, TepMeTKeMpOBaICA UM COeMHAIICA C MHKPOMOHO= 
metpom. B janbHelimiem cocyy onycKasicA B pacTBop c MOcTOAHHO!t TemuepatTypouw 
u,- Bpema HactynseHuA vsoTepmMuM B CHere NpH TemNepatype Uy ONpeswenAnOch 
WaBIeHMeM BOSyxXa B COCye MEKPOMaHOMeTpom. 

IIpu pasHoctu temnepatyfbi cuera (wv; — uy); BpemMenu, HeooxomMMom TIA 
MSMCHCHUA TeMIepatypbI CHera, a TakKxKe TO (opMe cocyyza, NpuHuMasA uTO TenN0- 
MPOBOAHOCTR cocyfa OeckoHeyHAa BeNMKa MO CpaBHeHVIO C TemIONpOBOsHOCTHIO 
cHera, Vocuga pbiuncnna Bennuvny Kosdduunenta TENMJIONPOBOZHOCTU CHera. 
Ilo usmepenvam Vocuga xosd¢dunvent tTenmonpopoguocru oKasaica paBHbIM 
1,37.10-4. 

IIpeumymiectno metoga Vocuya nepex apyrumu metoyamu saKsmouaetca B TOM, 
4TO AIA ONpeAesenuA TeMTepatypbl CHera He MpYxXOANTCA BHOCHTD B NOcHeTHMit 
M3MEPHTCJIbHBIC MpKCOpbl, UCKarKaCMiKe KapTHHy TemooGmMeHa. OpnHaKo meTon 
Vocuya tpe6yer aByx nonparoK, KOTOpEIe B paOote He oropopeusr. BogaHoiit nap 
B TOME CHE*KHOrO MOKPOBa HaxXOAMICA ECe BPeMA B COCTOAHHM HaCbIIeHHA, 
ompeesAemoro Temrepatypon cHera. M3merenue Temnepatypbi B onbitax Vocuga 
BBISPIPCT KOH/CHCalMIO Napa BOpbI. KonjencauwaA BoAHOrO Mapa, C OAHOMM cTo- 
POHP!, NIpuBeyeT K YMCHEIUCHHIO NapuvaybHOro faBsleHua (B onpitax Vocuza 
up lepenane TemMepatyp OKOsIO 6° BONM3H O° UsMeHeHNe JaBsenuad BOAAHOFO Mapa 
HOJDKHO ObIIO COCTaBIIATh OKONO 2 M6). C apyroit CTOPOHBI, KOHJ{CHCallMA BOJLAHOTO 
Mapa BbISOPCT JOMONHUTENIbHDIM HarpeB cHera, KOTOpbIii B onmbitax VYocuma co- 
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crapliaet oKo0 0,03-0,05° C. O6a stu apBnenna o6ycnaBmuBaIOT s3amemieHue 
YMCHbUICHUA MaBJIeHHA CMeCH BO3Lyxa MW Mapa. Bo3smoxxKHO, UYTO BHeECeHMe 9TUX 
MOMpaBOK 3HaUMTeIbHO YBeEIMYUT KOS*duuMeHT TeNJIOMpOBOAHOCTH, NOMyUeHHbIit 
Viocuya, KoToppiit Ha MOpAOK MeHbUe WaHHEIx AGempca, Aucena, Kyspmuna vi 
Ip. aBTOPOB. : 


Kak cyreqyer U3 WpuBeqeHHBIX paOoT, WeHTpabHOl 3anauei B OOacTH UuccHenO- 
BaHHA TeMIOBOrO peyKHMa CH€)KHOrO NOKpOBa ObINO MPMHATO CUKTAaTD 3aqauy 
HaxO7K CHUA KOIMMUUNEHTA TEMJIONPOBOAHCCTH CHExKHOFO MOKPOBAa B 3aBHCHMOCTH 
OT efO CIPpyKTYPHbIx ocoGeHHocTeit. 


B wactosmjee Bpema (23, 32, 35, 46) BhIacHeHO, uTO Mpouecc TenMONepenauu B 
TONNE CHE*KHOFO MOKpPOBa NpeycraByiseT COoOoOM BeCbMa CNO*KHYIO KapTMHy U He 
MO2KET ObITh OMMCaH KaKUM-1MO0 OAHUM mMexaHvsMom TenmonMpoBopHOctu. IIpen- 
cTaBileHve © ClipaBeIMBOCTH ypaBHeHHA MoOeKyIApHOM TenTOMpoBOyHC Tu 
@Pypbe [JIA CHe*KHOrO NOKPOBa OMpaBsbiBaeTCA He BO BCex cyyuaAx. BarKnoe 
3sHaueHMe B TWpomecce TemsOoOMeHa- UMEICT TakxKe ABJICHMA TepMuUeECKON Aud- 
(by3suu, Morsowenva payvauuu u dasoppix nupespaujenui. B 3aBucumocTu OT 
BHEIUHbIX YCJIOBUM, STM NMpouecchi’ mpucOperaror pasywMuHOe sHaueHve. AnasIM3 
oOljero ypaBHeHHA TenompoBonHoctu (23, 35), a TakoKe 3HAUMTeEIBHOrO KOJIM- 
UeCTBa SKCHECPMMEHTAJILHbIX J[2HHbIX YKASbIBaeT Ha WeTIecooOpa3sHOcTh pa3jesIbHOrO 
PacCMOTPpeHHA UaCTHBIX CiyuaeB TenIOMepeyqaun B CHeExKHOM TOKPOBe. 


a) Cyxoii cHer upuH TemnmepatType HurKe 150°C. 


Beuyy HeOombuIoro KONMUeCTEAa MapoB, COfeprKallMxXcA B CHe>xKHOM MOKpoBe, 
B J[aHHOM CJIyuae TenNOBLIM 3dbdekTom chasoBbix MpeBpallleHuii MOrxKHO mMmpeHe- 
Opeup. IIponecc tennonepenzaun np sTHx YCHOBYAX MODKET ObITb OMMMCaH ypaBHeHueM 
MOJIeKYIAPHOM TemmompoBoyHocru. IIpu stom ecrecTBeHHO O7KUaTb HasMunA 
Mpoctoi cBA3H MeExKTY KOIpPuUMeHTaMU TeEMOMPOBOAHOCTH MU MJIOTHOCTbIO CHeTa, 
Kak MW [JIA OOUubUIMHCTBa JPyruX MOPUCThIx MaTepvasoB. Gamaua uccieqOBaHuA 
TeMMOMNPOBOAHOCTU CHera B JJAHHOM CJIy¥ae SHAUMTEILHO yMpoulaeTcA U CBOMMICA 
K .OTbICKaHHIO 3ABHMCHMOCTH KOSdduUKeHTa TeMJIOMNpOBOMHOCTM OT MIOTHOCTH 
cHera. 

HanOosee NOAXOAAMIMM MeTOJIOM JIA yCTaHOBJICHHA 9TOM 3ABMCMMOCTH MpH3HaHbl 
MeTOJ[bI, OCHOBaHHble Ha aHasIMse HecTal[MoHapHOro TemMMepaTypHOrO perKHMa. 
Hamu OpisI mpumMeHeH MeTO MrHOBeCHHbIX MCTOUHUKOB Tema. AHasmm3 sToro MeTOTa 
aH B padote (22, 35). 

Yenex 9KcMepuMeHTa 3aBUCHT, B OCHOBHOM, OT MIpaBHJIbHOrO BHIGOpa cocoa 
perucrpaljuu TemMmepaTypHOrO MaKCUMyMa M TOUHOCTM M3MepeHMA paccToAHMA OT 
McTOUHHKa JO perucrparopa. IIpu mnornocrax cyxoro cHera or 0,10 go 0,35 
KOOdduyKveHT TemsonpoROsHOCTM B cucreme CGS umeeT cylefpyroujee sHaueHHe: 


KZ 2LO sp (7) 
roars 
6) Cyxo# cHer upu Temueparype or Oo zo — 150 C. 


B 9ToMm cylyuae B MepeHnoce Tesla yuacTByeT TaKxKe WuddyHAMpyouwi BOLAHOM 
nap, M NOABJIAIOTCA MCTOUHHMKH HM CTOKH Tela B pesysIbTaTe (pa3OBbIx NpeBpaljeHui. 
Ecum OMyCTUTb, UTO MecTa (basOBbIX MpecOpasoBaHHli HelIpepbIBHO pacnpeesIeHb!} 
B TOME MOKPOBa MU IPMHATb UX 3a MCTOUHMKH Tela, TO OOnlee ypaBHeHHe TeMJI0- 
MpoBoyHOcTu cHera (32, 33) npMHuMaeT CieMyIOUMN Buy: 


= POE oar (SY 


oz? 
rye A, — TemnmepaTyponpoBoyHocTs cyxoro cHera, D — Kosddununent nupdbysun 
BOJAHOrO Mapa B WOKpoBe, f (vw) — KOMUeCTBO BOAATOLO Napa B equHue OO ema 
R—L 
cHera, y = ———, Ru L CkKpbivTaa TemsioTta McMapeHHA M TWaBJIeHMA COOTBETCT- 
cp ; 

BeHHO, cp — 00’€MHaA TEIJIOCEMKOCTb CHET. 

Takum o6pasomM, uccneqoBaHHe TensIooOMeHa B TOJIINe CHe*KHOrO NOKPOBa B 
JaHHbIX YCOBUAX, HapAy CO 3HAaHVeM A, TpeOyer MOMOMHUTENIBHBIX CBeeHUit 00 
ypyrocru BO_AHOrO Mapa B TOMe CHera MU O BeIMUMHe TepMoyUudpdpysun. 


(8) 
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OTcyTcTBHe OCTATOUHBIX SKCREPUMEHTAJIBUbIX TAaHHbIX He MOSHOMAeT MPUMeHATE 
ypaBHenue ANd McuepmprBarousero pellieHua NpakTwuecKHx sanau. Opnako, 
HeOQHOKpaTHble yKa3saHuvl Ha MHTeCHCHBHYIO MepeKpDUCTAaIIM3aNMIO CHexKHOrA 
poKpona (21, 28, 40, 46) maror ocHoBaHMe NpegwnoNaratb, UTO mpaMedeHue ypaBHe- 
HMA BHECe€T SHAUNTeJIBHbIe KOPPeCKTHBbI B Halll wMpencraBneHuad oO Ten0- 
llepeyaue B CH€?7KHOM MOKPOBe, T.K. yxKe Mpocrad oWeHKa 9TOTO odbibeKra c TOUKU 
3peHHA TemoBoro OaslaHca yKa3biBaeT Ha OOuLUIMe U3MeHeHuA B pacupeyeneHuu 
Temnepatyp (35). 


B) Iipomepsanue BiaxHOrO CHera. 


HeoOxoqumo paccmoTpeTb Ba Cily4yan MpoMep3saHHA BIaxKHOrO cHera: mpoMep- 
3aHie Mp MaJIOM ByarocoseprKanuu (10 7 %) H mpomMep3saHue CHJIbHO yBuaxKHeHHOrO 
cHera. 

B nepBom cylyuae cneqyeT YUMTLIBaTb TensOTy cbasoBoro nepexoa BOJAHOTO 
napa WuddmyHAMpyrouyero K MpoMepsuye uacTu OT MpuMaraloMuMx CHEKHbIx cHOeR. 

Bo BTopom cilyuae TenOBbIM oddeKTOM ucnapeHuA Mu cyOsMMaHHH Mo>KHO 
lpHHedpeub 0 cpaBHeHuIO C TeNJOTOI, UAYUIeli Ha UpoMep3aHue BUaxKHOrO CHeEra. 
Kak 6p1sI0 moKa3zaHO (23), CKOpocTh mpomMepsaHuA u pacnpeyesieHue TemMMepatyp B 
MpOMepsiieH 30HeE Ip YTOM MOTryT ObITb C WOCTATOUHOM CTeMeHbIO oxapakTepu30- 
BaHbI pelleHuaAmM 3ayaun Crecbana. 

Ecum o603HauNTb KOopaMHaTy :bpoHTa npomepsaHnA uepes éa BpemMsaA — uepes t, 
TO MPH MOCTOAHHOM OTPHaTeIbHOl TemMepatype Ha MOBepXHOCTH MOKpoBa CBsA3b 


MOKTY € WU t BbIparKaeTCA CIC AYIOUIMMU ypaBHeHuem: é = Bvt 
Koodcbuument B 3aBucuT oT cocrosHMaA cHera u TemMMepaTypbI ero MOBepxHocTu: 


B " 2CUn pr A 
zl pz 
rge u, -—— TeMMepaTypa MOBeEpxXHOCcTH, c U — X TeNMJIOCMKOCTh U TeMIIepaTyponpoBoy~ 
HOCTb CcHera, ] — BIIarOcolepyKaHHe, a Pi HW p, — COOTBeETCTBEHHO MJIOTHOCTB mpo- 


Mep3uuero MW BJIayKHOrO yU4aCTKOB CHera. 


X. BJIAXKHOCTbh CHETrA, TAAHHE MW WCOAPEHME CHE2KHOTO 
MOKPOBA B TrOPAX 


B 1949-1950 r.r. 6bim0 paspaSoTaHHo 7Ba MeTogza onpeyeeHuA Barocofep»KaHuA 
CHO*KHOTO MOKPOBa: KasIOpPHMeTpHuecKH MU MexaHMuecKuli (24). 

Kanopumerpiueckum MeTOJOM BJIaxKHOCTB CHera OnpeyeIAeTCA C MOMOLIBIO u3- 
MepeHMA CKPbITOH TenJIOTbI MW1aBJIEHMA, MeXAaHMUeCKUM >KeE — C NOMOLIBIO 3aMepa 
M3MCHCHUA OTHOCHTEIbHOrO 00’eMa BOALI UpH 3aTBepseBaHnu. 

IIpu noseppix uccneyqoBaHuax mpumensanca KaJIOPMMeTp ayMaOaTuuecKoro Tuna, 
poJlb ayMaOaTHUeCKON OOoMOUKU KOTOPOTO BbINOMHAI cocyy JIroapa. Ontumanbupie 
YCUIOBHUA paOoTbl Kalopumetpa cyepyioue. 

1. Unreppan yonycrumoro 3HaueHna usMeHenua TEMIMepatypbI *KUTKOCTH Kaopy- 
MeTpa He JOJDKeEH IpeBbimiaTS 20 C°,. 

2. Hauanpuyto Temnepatypy >xnpKocTU KaJIOPMMeTpa cienyéT nosOupatTs no 
BO3MO)KHOCTH M3 ycnoBuA: 2) (@ — uv) = Au, 
rae u — cpeqHAA Temnepatypa OKpy>Kalomjel cpe (pI. 

3. Hansryumiee coornonrenve Mexay BeCcOM cOpa3siia H KOIMYeCTBOM BOJ{bI B Kano- 
PHMeTpe HaxoUTCA us ycnoBuA: 


m Au 
Mtm | iby Say 


rye m — Macca odpasua, M — macca »xupKocru KamlopuMetpa. IIpu stux ycnoBuax 
OTHOCHTCJIbHaAH MOrpeliHOCcTh usmMepeHusn BlarocofepxKaHuA ONpepeuserca: 


6/1 1 Ltu 6Au 
rep tag eT 


l 1g u 


B murepatype umeetca yKasanue (45) 4a BosMoxKaOcTS UNpenenerma BuIarocoyep- 
*KAaHMA MOCPeACTBOM SJIeKTpMYeCKOrO HarpeBa OOpasila. Usmepenna B stom cmyuae 
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WOJDKHBI CHJIBHO YIPOCTHTBCA, T.K. TemMepatypa oOpasua B Mpolecce TaaHua Bce 
Bpema ocTaetca mpu 0° C., u merKo cosqaTb agquaGaruuecKue ycnoBua paodorTsr 
KaJIOpUMeTpa MPOCTbIM Orpy2KeHMeM Cocyya B Maccy BlaxKHoro cHera. Cocyy ana 
B3ATHA TIpoO MOXKET OAHOBPeMeHHO CHyKUTS KasloupumMetpom. Perucrpauuu 
NOANIe KAT BEIMUMHbI, BXOAAMIMe B BEIpaxKenue JDKyeBa Tena (Q = 0,249 [?2R2), 
MpHueM OKOHYaHMe TanHuA OOpasya ycraHaBuBaerca 6es Tpya M0 MOMeHTy "auaria 
moq’eMa TeMMepaTypbI B upuOope. Orcuntpisats Ke Temlepatypy HeT HeOoOxoyH- 
mocTH. BpicKasbiBasiocb mpemqmomoxKenue (45), uro jaHHpiit MeTOX MO?KeT jaTb 
HaMOoslee TOUHBIe pesybTaTHI. OWHakO WeTaMbHblit anamm3 yOeKTaer Hac, UTO pu 
OTCYTCTBHU TCNJOBbIX MOTepb 06a ONMCAaHHbIX MeTOa MPHMepHO 9KBUBAIEHTHI 10 
cBoeH TOUHOCTH. 

Mccneqospanua Hay, BylaxKHOCTLIO CHera MOKa3asIM, YTO NOcMeMHAA He ABIAeTCA 
OWHasHauHON PyHKUMeM TeMMepaTypbI CHera, a 3aBMCHT Tak>Ke OT COCTOAHHMA CHera 
MO MpoBeweHuA onpita. 

Ec cHer jouroe Bpema HaxoyuTca up 0° u mponmtasica BoMOM, a 3aTem OxaK- 
faeTcA, TO uepes 16 4acoB oT Hayana ONbITa Mp NONMKeHAM TeMMepaTypbI JO 
— 4° — — 5° B HEM OCTAIOTCA 3aMeTHBIe CI€AbI BOI, MOBbIMNAIOMIMe ero TeMI0eM- 
KOCTb WO 0,65. 

Ecnm >Ke cHer HarpeBaeTca oT — 8° — — 10° qaxe Oo TemMiepatypbr — 0,5°, 
TO ero BIaxKHOCTh OyeT paBHa 0. 

IIpu Temnepatypax Bo3sfyxa, BapbupyroulMx oKosIO 0°, MOBepXHOCTb CHera CHJIbHO 
YBJIaxKHACTCA, MPWUeM BeIMUMHA BaKHOCTH MOoKeT WOcTHUB 5-10 %. 

BnaxKHOCTb CHera pe3KO M3MeHHeT ero (pusMuecKHe CBOLCTBA KaK-TO: Tems0- 
NPOBOHOCTH, CuIly cuenseHuA u T.4. llostTomy u 9Tu cbusMuecKue CBOliCTBa CHera 
TaIOKE ABJIAIOTCH MHOFOSHAYUHbIMM (PyYHKUMAMM ero COCTOAHMA (p U uw) pM Temme- 
patypax O1u3Kux kK 0°. 

K cooKaleHHio, B HaCcTOAIee BPeMA TaTb KaKytO-JIMOO KONMUeCTBeEHHYIO 3aBMCH- 
MOCTb M€?K]ly BJiaxXHOCTbEIO CHera, ero TeMMepaTypoli B MOMeHT MpoBeseHuA OMbITAa 
uM XOQOM TeMNMepaTypbI JO OMbITa He MpejJ[cCTaBIAeTCH BO3MO?KHDbIM. 

Heo0xoquMo OTMETUTb OHO MHTepecHoe ABJICHMe, CBASAHHOE C MUrpallMeli apoB, 
oOycnaBMBarollee KaK H3MCHEHHe CTPYKTYPbI B TOJIMNE MOKpoOBa, a Tak»Ke, Bepo- 
ATHO, M MepeHoc ByAarM Me*KAy CKIOHAMM pa3sIMUHOM sKcHOsuuMU. B 5 mMetamsu- 
uecKUX KIOBeT (Huametp — 7.2 CM, EbICOTa — 6 CM.) C CeTUAaTbIM JJHOM HacbImMmasIcA 
CHer, 3aTCM KIOBETbI BSBeMINBaIMCch B TepMOOapoKaMepe MPH OTPHIaTesIHHOM 
TeMMepatype Ha aHasIMTHUeCKMX BeCcax MU YCTaHaBJIMBasIMcb OHA Ha Wpyro. HwxKuaAa 
KIOBeTa MMesIa MeTasIMuecKOe WHO, a BepXHAA — 3aKkpbiBasach MeTaIMuecKOH 
KpbuKOM. Crovika “3 5 KIOBeT NOMEIIaach B BOMJIOUHbIM UMIMH WIA myuuie 
Tennonusonmauuu. Ha Kpbilliky BepxHeli KIOBeTbI ycTaHaBIuBaach 9eKTpHuecKaA 
meuka, MoulHocTbYo 20 W. Ilepuoguueckum BKIITOUeHHeEM 9TOM Neuku TemMMepatypa 
BepXHeM KIOBCTbI Nos wepxKuBasach — 2°, a HYWKHAA KIOBeTa HaxXOMIIach pu 
remnepatype — 12°. 

Ilo npemrecrBuu ompeyeneHHOro BPeMeHM BCC KIOBeThI B3BeUIMBAIMCb BHOBb, U 
10 H3MCHEHHMIO Beca CHera B KIOBETAX JIeaJICA BbIBO O MUrpalluu BOAAHOLO Mapa. 

OTM ONbITbI NOATBepeKMaloT HasIMuMe MUTpallun BOAAHOTO Mapa B CHery mp 
HasIMUMM TeMMepaTypHOrO rpajMeHta, UpHuemM HauOombIIee USMeHEHHe Beca HaOJIEO- 
@aetca y 5-ii u 4-M KBIOBeET. DTO MO?KHO 00’ ACHHTb TEM, UTO 3JECb BEPOATHO, CO3- 
NaeTcA HanOObIIMM TemMMepaTypHbIl rpaguent. Bo Bcex ciyuaAx yMeHbIIeHue Beca 
cHera Goble, UeM yYBesIMUeHHe, T.e. UCHapeHue MpeocOamaeT Hay KOHAeHCaUHeM. 
303MO2KHO 9TO 06’ACHACTCA TEM, UTO KIOBETHI ObINIM HEJOCTATOUHO MJIOTHO 1IpurHaHbl 
ofa K [[pyrou. 

Ilo sTuM yaHHbIM Opi pacunTaH KOOdduynesT Auddy3suu BoAAHOrO Mapa 
cHe*KHOrO MOKPOBa, KOTOPbIM B cucremMe CGS oxasasica nopagKa D = 107. 

B pesyprate uccieqoBaHuA pacmpejesieHuA TeMMepaTypbl, USMeCHeEHUA CTpaTu- 
rpacdbuu MW MOCMOMHOM MIOTHOCTH B TOJIIe CHeEXX{HOTO NOKPOBA B TOJICEBbIX YCIOBUAX 
ObIIO MOMTBep»KTeHO, UTO TemMepaTypHbIM rpayqMeHT oOOycuaBJIMBAeT MUrpallHro 
BOJAHOLO Mapa U3 HW>KHUX, OosIee TeMJIbIX TOPUSOHTOB CHera B BbILMIeIenKalywe CON. 
B HEKOTOPHIX CJIyUaAX KOJIMUECTBO NlepeHeceHHOM MbICcbI cocraBAO 0,33 r/cyTKu 
Cc OWHOrO cm? pu Mepenaye TeMMepaTyp MExKTY BEPXHUM MW HYOKHMM CIOAMHM NOpAyKa 
15°-20° u rmyOune moKpoBa 45 cM, 4TO HeMIOXO CoBMayaeT C TaHHbIMU, NOJyueH- 
HbIMM B WaOOpaTOpHbIX yCMOBUAX. 

Vismeneuue Macchi CHera Ha 10xKHOM WM C€BePHOM CKIIOHAaX MOKasasIM, UTO yBeMue- 
Hue mMaccbI cHera Ha | cM? nMOBepxXHOCTH Ha ceBepHOM cKsIOHe c 15 jeKadpaA 10 
20 aHBapxA coctaBmaAnO 0,02 r/cyT., Ha }OXKHOM CKJIOHE 3a TOT Ke IPOMe2KYTOK 
BpeMeHM Macca CHera yMeHbIUasIacb, B OCHOBHOM, 34 C¥eT McMapeHsl Ha BeJIMUMHY 
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0,07 r/cyr. Stu WaHHbIe B Kakoli TO creneHu NO_TBepaunM BbICKa3aHHyloO paHHee 
rumoresy O Tlepexauke BJIarH CO CKJIOHA FOXKHOM IKCHO3SHUMM Ha CKJIOH CeBepHOKt 
oKcnoshyun (35). [Ipomecchr ucnapenua c moBepxXHOCcTM CHera HM KOHJeHcaluM Ha 
MOB€PXHOCTH CHera 3aBHCAT OT pa3HOCTH YeMMepaTypbl MOBepXHOCTH MOKpOBa U 
MPH3eMHOFO COA aTMOCHepbI HW MEHAIOTCA B 3ABMCHMMOCTH OT BDEMeHM CyTOK, ropa, 
SKCNO3SMIMM CKJIOHA HM xapakKTepa 3asleraHua cHera. B KaKkoil — TO cremeHu 9TH 
Mpoleccbi orobparKaiorcn ypaBHeHuem Ilysanopa (27, 28). 


XI. YPABHEHHE TENJIOBOrO BAJIAHCA CHEXKHOrFO TOKPOBA 


CuexkHbIit MOKpoB npeycTaBraeT U3 ceOA NpocnoliKy, us0NMpyronuly1o MOUBy OT 
TCMJIOBbIX IIpOleccoB, mpoTeKaroujux B aTMocdepe. IIpu usyyeHuu tTemmoBoro 
OamlaHca CHe»KHOrO MOKpoOBa HeOOXOAHMO YUHTbIBATb, MOMMMO TemmoOOMeHa Ha 
rpaHullax pasqesa BOSYX-CHer HM CHer — NOUBA, TeMNOByi0 9HEprM1o, U3spacxojOBaH- 
Hy!O Ha (ba3soBble npeBpalieHuA B NOKpOBe MW BePXHUX CJIOAX MOUBBI, a TakoKe 
MorsioujeHwe ItyuucTOH sHepruu B Tome cHera. TypOynenTubiit tTemmoobmen 
armocibepbI C MOBEpXHOCTBIO CHera, KaK M3BeCTHO, BbIparKaercA cyuemyroulelt 
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HOM cyioe. 


B mpofomkenuu ByX 3HMHUXx Ce30HOB (1955-1956 r.r. wu 1956-1957 Ess) -B 


OnpOpycckow sKcnequuuu MIIT MpOBOAMIIOCh CHCTeMaTMUeCKOe OlpemeneHue BCex 
WICHOB TeIIOBOrO GOastaHca (36): 


B pesynpTaTe npoBeyeHHbIx vccneqoBaHuit MIpeAcTaBIAeTcaA wesecooOpasHbim 
pa3OuTb payMalMOHHbIit GanaHc Ha jjBa YacTu B 3aBUCMMOCTM OT JJIMHbI BOB 
Mayaroujen payuayuu I, Ha wHdpakpacuyio uacTp R, 4 BYauMyto uacTD R,: 

UWudpakpacuan paymauua mornaruiaerca N€pBbIM 2-3 CaHTMMeTPOBLIM cOem 
cHera, BUJIMMaA 2K “aCTh paflMallMM MPOHMKaeT B TOSI NOKpoBa JO rityOHHBI 
25-30 cm. B pesynprate NOPIOWeHuA BUAUMOWM uacTu cOomHeUHOit panvauuu B 
CHE7KHOM IIOKPOBE B H€KOTOPbIX culydaAx HaOiOMaNOCch NOBbIUIeHHe TeMMepatypbI 
Ha 3-4° C B cpeqHMx coax, o uem OyqeT cKasaHO HHDKe. 


OTOT usIeH pagMauMoHHoro 6anaHca MO?KETS ObITh UpescTaBseH B Bure: 


—h 


ATT tte (16) 
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roe A — anpOeno cHera, K1 — Koadduunext nornomjenua paguanun, p, — WIOT- 
HOCTb cHera u fh, — €FO MOMIHOCTS. 
He TpyaHo BugeTb, uTO uHTerpan (16) paBeH normonjeHHO payuanuu ale 
s = 
Takada cbopMa 3anucu yume oTOOparKaeT (usMuecKUM CMbICI Mpolecca NOrMOWleHuA 
B CH€?KHOM MOKpOBe. , 


Teno, HeoOxoauMoe WIA USMCHCHHA TeMiMcpaTypbI B TOJINIC NMOKPOBa MO?KHO 
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B TOUNNe MOKpoBa. Temsota, BbIMeIAeMad B pesysIbTaTe 3aMep3saHHA UI TadHuA 
CH@)KHbIX 3€peH, paBHa 


Oe: & 

3 ) — U3SMCHeHHe KUTKOU cba3bI BOJIbI B IIOKPOBe. Tennota, BbimeneHHan 
t c A 

B pes3ysJibTaTe cyOmmmanun O CHe€*¥KHOM IIOKPOBC, MOKCT ObITb npeéycraBpiena B 

Bue: 
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TlockombKy BOAAHOM Tap B CHeyKHOM IIOKpOBe HaXOJIMTCA B COCTOMHHM Hacbiile- 
HMA, @, MOPYKHO MIpeACTaBUTb B Buse e€, = f(u). 

B nepBom npHOmmKeHHuM 9TY 3aBHCHMOCTh MO)KHO yCTaHOBUTb 0 dopmyvie 
Maruyca (33). 
’ Tensory mpomepsaHuxA MOUBbI, H3MeHeHHe TeMNepaTypbI NpoMepsuiero COA U 
TIOTOK Tema Ha TpaHulle MpoMepsulero COA MOXKHO YUCCTh BbIpParKeHHeM BHA: 
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TeENJIOMNPOBOHOCTh MOUBbI, h, — rpahulla WpoMepsaHuA. 
Ha ocHopaHuM BbICKasaHHOro ypaBHeHHA NoMHorO TenmoBoro OalaHca CHe?KHOrO 


MOKpoBa MNpWHHuMaeT cule qyHouMi BHI: 
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Tensoty, BbI7eJIHeMytO TIpu KOHeHCalun WIM McMapeHHu BJlaru UW MOUBe MOXKHO 
He YUATbIBAaTh. 
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, 


Bo BpemMa TadHuA cHera (=) = 0 4 BbIpaxKeHue (9) ynpomaetca. B crryuae, 
t 


de 
Kora CHer MoIToe BpeMA HaxXONMTCA Np OTPUUATebHbIX TemMepatypax (=) ;=0 


OCOBEHHOCTH TEMITEPATYPHOTO PEXKHMA CHEXKHOTO 
WOKPOBA HA KABKA3E 


MccnegqopaHue TemMepatypHoro pexKHMa CHE>KHOTO MOKpoBa, a TaOKe pasMaltuon- 
Horo OaylaHca uM Tem00OMeHa cHera Cc BO3LYXOM uM NOACTHNarIOMelt MIOBePXHOCTbIO, 
(1953-1957 r.r.) Mo3sBOTMIM CeNaTb HEKOTOPbIe BbIBObI O xapakKTepe Tem000mMeHa 
B TOsMMe CHe*KHOrO NOKPOBAa HM ero TensIOBOrO pexKuMa. 

B cepequue 3uMbI TypOyieHTHbIM TeNOOGMeH Mer>KY IIpH3eMHBIM cOeM BOsayxa 
M MOBEPXHOCTbIO CH€*KHOrO MOKpoBa B ycsIoBuAX bonputoro KaspKa3a ucuesarorye 
MajI 110 CpaBHe€HHIO C OCTaJIbHbIMM KOMMOHeHTaMM TelmmoBOorO GamaHca. M3 Bcex 
ciyuaeB pacueTa BeJIMUMHa CyTOUHOrO TemIo0bNeHa He MpeBLuMaeT WeECATHIX jOJIert 
MasIOM KasJIOpui Ha CM? MOBepxHOcTH CcHera. 

PagmanuouHbilit Oasanc cocrapsaerT oKoN0 15-20 Kan. Ha cM? B cyTKH. Brrgemenne 
CKPbITOM TenMsOTLI PasoBbIx MepexoqoB 3a cueT Murpalun mapos, BOSHMKaro1ent 
BCJICACTBMe TEMIepaTyPHOrO rpay{MeHTa MexKy BePXHAMM MU HYOKHUMM rOopvsoHTamn 
MOKPOBa, MOPKCT B OTICJIbHbIX CiyuaAx 3a 4-8 uacoB MpMBeCcTH K BbIZeeHuIO Tema 
HO 2X KasI. B Be€PTUKAaIbHOM cCTONOMKe CHera C OCHOBaHHeM B 1 cm? u BBICOTON 
B 5-10 cm. Jkia nokpoBa B esIOM, 3a MKTHOUeHHeM MOBE€PXHOCTHOTO COA, ITOT 
MIpOuecc ABIIAeTCA ‘aquadaTHUeCKUM M MpMBOAHT K YMeHbILIeHHIO TeMMepaTyPHbIXx 
rpaj{MeHTOB. 

Mcnapenue u KOHfeHCalMA BO;AHOrO Napa Ha MOBepXHOCTH CHera MOryT IpuMBectTu 
K BBICICHMIO UJIM MOTJIOULCHHIO OKONO 10-20 Kan/cm?. Ilorok Tema OT NOUBbI B 
TOMY CH€+KHOTO MOKPOBa BCIO 3MMY COXpaHAeT OHO M TO 2Ke HalIpaBseHue CHU3y 
BBepX MU, Kak MpaBuslo, He MpeBbuaeT 1-3 Kan/cm? B cyTKM. TaKkoBbl OCHOBHBIe 
KOMMOHEHTHI TersIOBOrO OaslaHca CHexKHOrO MOKpoBa. SHaueHMe KarKOrO U3 HUX 
MeHACTCA OT NOFORHbIX YCHOBMK B OOJbUIMX Mpefeax He TOKO 0 BesMaMHe, 
HO WM NO SHaKy/HallpumMep, paqMalMoHHbI OaraHc, KOHeHcauMA U1 uciiapeHve c 
MOBe€PXHOCTH CHera ui T.I./. 

Kak yBHMM HYKe, BCe BBIIIecKasaHHoe HeEOOXOJMMO YUNTLIBaTb IPM MporHosu- 
pokaHul TeEMMepaTypbI B TOME CHe*KHOTO NOKpOBa, HOO MexaHU3M TemMIOOOMeHa B 
TOME MOKPOBa, a, CiIe€HOBaTeIbHO, U TemMepatypa mocnegHero 3aBUCUT OT TOrO, 
3a CdcT KaKOrO KOMMOHeHTA OaslaHca CHer mpHoOpen wim MOTepsAN Ten0. 

a) Tennoo6meH B tone cHe»xKHOrO NOKpoBa B pesysIbTaTe payMaljMoHHoro 
OamaHca cHera. 

ConHeuHan paluauna, mponuKan B 30HY MOKpoBa, MorsoujaeTcaA WepBLIM 30-u 
CaHTUMCTPOBbIM CJIOCM CHera, NOSTOMY HarpeB B pesymbTATe coMHeUHOIM paauaunu 
MPOHCXOHMT TO IKCHOHCHIMAIbHOMY 3aKOHY OMHOBpeMeHHO JO ruiyOunpr 20-30 cm. 
Henocpejicrsenupie naGmogenua Hay TOPIOUCHHeM COJIHeUHOM sHepruu B pa3- 
JIMMHDIX TOPU30HTax cHera (1956-1957 r.r.) moKasanu, uTO Ha rgyoune 20-25 cm. 
3a CdeT 9TOM SHEpruu TemMepatypa cHera MOoKeT MOBbICHTCA B MOJIYCHHbie WaCHI 
Ha 2-3 rpajtyca. 

Ecim mpuHats, cormacHo BeituOepry B. Il. u gp. MCCIIEMOBAaTeIAMU, UTO CHEKHbIIt 
MOKPOB MO CBOMM paj{MallMOHHbIM CBOlicTBaM 6IM30K K abCOsKOTHO YepHomy Tesry, 
TO CUEHYET OAKUMATH, UTO OXIAKeHMe CHe*KHOTO MOKpOBa 3a CueT cro MSJIyUeHUA B 
HOMHDIC YaCbI IPOTCKaeT TaK?KE TO IKCIOHEHTe OHOBPeMeHHO 0 ruiyOu“Hbi 25-30 cm. 

Harper cuera n ero oxmaxKgenne B PesyJIbTaTe NOTIOUeHuA U ustyueHuAa payua- 
uuu OyeT upoucxogur nouTu OMHOBPeMCHHO JO rtyOuHbI 30 cm. 10 3aKOHy 9KCTIO- 
HCHTBI H, CJICHOBaTeIbHO, Ha rpacbuKax Tepmousomer OymeT OTCyTCTBOBaTb 3ama3- 
AbIBAaHve TCMUepaTypHbIX aMIVIMTY, HAOMOTAeMbIx B MOUBe. DToT BbIBO], XOPOLIO 
corjlacyeTcaA ¢ XOq0M TepMousomuer, 

6) Tensoo6mex B Tome cHexKHOrO MOKpoBa, OOycOBeHHbIM chasoBbimi lepe- 
xOaMM Ha MOBepXHOCTH cHera. 

CosepureHHo wHaa Kapruna TemMIcpaTypHoro xoja HaOmOMaeTCA B Tex ciyuanx, 
Kora OxJIaKeHve WIM HarpeB MOBepxHocTu cHera MpOUCXOMUT B pesysIbTate 
KOHCHCalMOHHBIX MpOUeccoR WIM ucnapeHUA C mloBepxHoctu. Tak, B npomexyTKe 
Merny 2/1 u 5/1 1957 r. COSHasMch MOProyHble ycuoBusA, xXapaKTepHsyroulneca 
YM€PCHHBIM BeTpom (1-3 c/cek.) uw TaKUM COOTHOUIeHMeM TeMnepaTyp MOBepxHoctTi 
CH¢eTa M BOSflyxa, pH KOTOpOM cpeqHAA YACIbHaA BilaxKHOCTh BOSyxa 0,2-0,3 Md), 
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OOpasoBasia OTHOCHTENIbHYIO BJIaYKHOCTL Y MOBepxHoctTH cHera B 60-70 %. B pesymp- 
TaTe 9TOrO C MOBepXHOCTH CHera MpOHCxXoAHNO HHTeHCHBHOe UCMapeHve uM Temme- 
paTypa moBepxHocTM CHera OnycKaslacb Oo — 28°. 

VntepecHo OTMeTHTb, UTO B 9TOM CiIy4uae KONeOAaHUA TeMMepaTypbI B 2-3° mpo- 
HUKasIM B TOMY MOKpoBa WO y1yOMHbI He cBbIWIe 7-10 cM. Cc 3amasqbIBaHveM Ha 
7-9 uacos. Ha riryOuHe 30 cM. 3a Tpoe CyTOK TemMepaTypa ONycTusacb BCero JIMUIb 
Ha 1°-1,5°. 

AuaslioruuHad KapTuHa HaOmoganach 24 peKaOpa 1956 roma u B Apyrue WHH. 
Takum oOpas0M, Ip USMeHeHUM TeMMepaTypblI CHera, BbISBaHHOM HemnocpeyCTBeH- 
HbIM BbIXOJIaxKHBaHMeM WJIM HarpeBOM ero MOBeEPXHOCTH, KONeOaHuA TeMMepaTypbI 
MIpOHUKAIOT B TOMMY NMOKpoBa Ha riryOuny 7-10 cm. B CyTKM MU SKCTpeMyMbI Temme- 
paTyp sala3qbIBaroT Ha TOM ruryOMHe Ha 7-9 uacos. 

Bce Bbmue CKasaHHoe HeEOOxOAUMO MpHHATb BO BHUMAHNe MpH MporHosupoBaHun 
Temmepatyp B TOME CHexKHOrO TOKpoBa, 4 NosTomy metog Jto610xKa u Mouusa (10) 
JIA IPOTHOSUpOBaHHA TeMMepaTypbI B TOME CHefra MOXKHO IPMMCHATH B YCUOBMAX 
Kapka3a Cc OOIbILIOM OCTOPO?KHOCTHIO. 


HEKOTOPSIE SAMEUAHHA O JIABHHHbBIX WPOMECCAX 
HA KABKASE 


Bonpoc, cBaA3aHHbIii c WaBuHaMH, MOApoOHO ocBenleH B MTepatType (5, 38, 42, 
44, 48, 51, 52). 

TlockompKy JO MocneyqHero BpeMeHH M JMTepaType He ObIIO CormacoBaHHOCTM B 
oONpeseseHuM WaBMHHOTO Wpoiecca, MbI NOX WaBuHOM OyemM NOHUMaTb ABY>KeHHe 
CHE*KHbIX Macc TIO CKIIOHY MOM WelHCTBMeM CHJIbl TAXKeCTH, IPM KOTOPOM: a) B 
JIBIOKEHHM yuacTBYyIOT OosIbUIMe MaCcbI CHera, IpHueM JaBMHa BOSpacTaeT 3a CueT 
YBJICUCHMA JIe7KalMX MO MYTH CHexKHbIX Macc, 6) CKOPOCTb ABYKCHUA CHeyKUbIX 
Macc mpeBbuuaeT 7 M/ceK, B) MepeMeljeHMe CHe*KHbIX MaCC MpOoMcxoyMT NyTem 
CKOJIBDYKEHUA HM KAUCHMA CHera 10 NOCTUMALOllei MOBeEpXHOCTH, a TAKKe, B HEKOTO- 
PbIxX culyuaAx, MyTeM MepeHoca MO BO3—qyXy MIOTHOTO OOaka CHe*KHOM MbumM, 
TM) JBYxKeHHe CHe>KHbIX Macc COMpOBOxKTaeTCA CBOcOOpasHbIM CBHCTOM HH3KOrO 
ToHa (B ciyuae cyxoro cHera) WIM CKperKeTOM (B CJIy¥ae MOKpOrO CHera), a MHOrAa 
OPIyUIMTesIbHBIM UWIyMOM HalogqoOve pacKaToB rpoma (B cylyuae oOpasoBaHuA 
BO3]YWIHOM BOJIHB!). 

B wactoamsel padote saBHHbI KaccuuuupyroTcA MO YacTOTe CxOyfa M COCTaBy 
nepeHocumoro cHera. | KyIacc — CHcTeMaTHUeCcKHe JaBHHbI, CXOJALIMe 10 OHOMY 
M TOMY »Ke pyCJIy MO HeCKOJIbKO pa3 B rox (HO He perxKe OMHOrO pasa B 3-5 wet). 
Oror KIaCc WaBHH XOPOIO U3BeCTeH MECTHOMY HaceJI¢HHIO: ydacTKM, NepeKpbiBac- 
MbI€ MMM, JerKO pa3JIMUMMbI HM TO9TOMY, KaK MpaBMJlIoO, OT TaKMX J1aBMH Bcerga 
MOXKHO yOepeub Ccoopy>KeHuA. 2 Kacc — Cilydaliuble usm CmopayMueckue JIaBMHBI, 
CXOMAIIMe NO OJHOMY M Tomy »Ke Ory He Yale OAHOrO pasa B NATb UM OoMbUIe Jer. 
Oru WaBUHbI BbISBAHbI OCOObIMH, Pe€AKUMM IA WaHHoro palMoHa MeTeoposOrH—- 
UeCKHMH YCHOBHAMM, MMeIOUJMMM MeCcTO B OOJbUIMHCTBe CiyuacB BO BpeMA WIM 
ceituac »Ke mocme cHeronayfa (34). 

Knaccbi wenatca, B 3aBMCHMOCTH OT MepeHocuMoro sIaBMHOM cHera Ha 4 Tuma. 
I Tun — naBuubr cBexKero, Cyxoro, HeymoTHMBIUeroca, mbimeporo cHera. IT Tan 
— jaBMHbI CMelIaHHOrO cCHera, COCTOAMIero KaK M3 CBe)KeroO, CyXOro, Tak HW M3 
YINIOTHMBINeTOCA CHEra, B HEKOTOPbIX CilydaAx CerKa yByIarKeHHHOTO. Ill tran — 
JIABMHbI YIOTHMBILErOcA CyXOro M CilerKa YBIIayKHeHHOLO CHeTAa. IV tum — aBHHbl 
MOKporo cHera. 

Kaacc cnyuatinpix cnopaaqMuecKux JIaBHH COCTOUT, TlaBHbIM o6pa30M, H3 j1IaBHH 
nMepBoro HM BTOporo THIOB. 

Jina napun 3 u 4 tunos Toddom, Orrenom (5) u Caataauom (8) (29), Opia 
BbIBeeHa 3ABUCHMOCTh Mex Ay yrJIOM HakJIOHa MCCTHOCTH a, ruyOHHOHW CHeyXHOrO 
noKpoBa h, ero yeJIbHbIM BeCOM gp, KoatpduMeHTOM TpeHuA f, AIMHOM OTOpBaB- 
ieroca mmacra J, CMO CleMmIeHMA C M COMpOTHBIICHHeM paspbIBy ¢C,, MMCFOUIAA 


cnemyroujun BUT: 


Jo 


p 
jim a (10) 


sin a — fcos « — 


OQ 


« Yrom OesomacuHocru »» — a, — MMHMMaJIbHbIM yroul MecTHOCTH, Mp KOTOpOoM 
ellie MO2KET COPBaTECA JIaBHHa, HE3ABMCHMO OT rIyOMHbI CHera, OMpeseIAeTCA BhIpa- 


YKCHHMECM : 


“yeti see serrate tae a) 
° (1 = f2)gpl 


BBogA yroul BHYTPeHHOrO TpeHUA p UM Cuy cleMmmeHHA MO 6oKaM OTpHIBAa MacTa 
Co UpeAbIAyuue ypaBHCHHA MbI TIPUBeIM K CllesyIouleHy BULLY: 


h co. tl cos p 
nee basi Ma al Pee er cnaan (12) 
rye 7 — ImloWlab CpbIBarouyeroca mstacta, u 
P 1 7 +. Qegel ) 
a "= yo + arcsin |" cos e| (13) 
Splr 
@Dopmynpr (10, 11, 12, 13) ompegensror ycnosua YCTOMUMBOCTH . yYIJIOTHUBLIeroca 


CHera Ha ropHbIx cKIoHax. IIpu noycTaHoBKe 3HaueHHit MapamMeTpoB, xapakTepus3y10- 
IMX CHOKHbIM MOKpOB KapKasa, WIA aw, MOUyUaeTCA MMHUMasbHOe 3HaUeHHe B 
14° (ra6n. 8). 


Taodnuya 8 
pe a a eg a ee ee ee ee 
Tun cHera a, 
Cyxoit cBexxkuii cHer 14,8° 
Cyxoiit YunotHen. cHer 23500 
Mokxppiii cHer 16,5° 


Moxppiit ynsioTH. cHer 2732° 


Haosmopenua Hay CHEKHbIMH JlaBHHamu Ha Kapxase MOKasaJIv, UTO B HEKOTOPBIX, 
MCKJIOUNTCIBHBIX CIIV4aAX; MPM CyXHX CHeromayax JIABMHbI CXOJIMIIM CO CKJIOHOB C 
YKJIOHOM B 10°-12°, 

B pesymptate o6cueqoRanuaA Mecta cpprpa CyXMX JIaBMH C He€KPYyTbIX CKJIOHOB 
ObIIO YCTaHOBJIeHO, YTO B 9TOM CJIyUae CHEXKHBIC AaBUHEI oOpa3yroTcH He myTeM 
oTpbiBa TacTa OT NOCTUNaIOMeli MOBEPXHOCTH, a NYTeM OCbINaHHA MpusMBI PbIXx- 
TOPO CHET a BHONb WIOCKOCTH OOpyileHUA, MpOXOAALeH B CHE>KHOM MOKpoBe (7, 8). 

YcuoBuxA ycroiunpoctu cpimyuero cHera WIA ycTyfia MecTHOCTH aHasIorMuHBre 
ycnoBuam (26) — (27) umeior Bun: 


h 2 ¢ sin (s — a) cos p ~ 
. £p sin? « (14) 
roe «aM PB yriibl HakIOHa CKIOHOB. ate 
Jina yruia HaksIoHa mocKocTu oOpylienua $,, UMeem 
sates bts Corel 
Ove ee NOS A (15) 
ANA Teperu6a cKs10Ha 
Die che aie ene cos 9 
yi 2 
r= 
(pen a, 
gpsint [4 | (16) 


fe 180° Bp 3a) 
i 4 ee (17) 
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PacuetT cKOpocTH ABYOKeHMA WaBUHbI Oe3 yueTa 3axBaTa JaBMHOM jiexKalMx Ha 
MyTM CHe*KHbIX MaCC IPMBOJUT K 3aHWKCHUEO Ce BeEJIMUMHbI 10 CpaBHeHMHO C ]{aH- 


HbIMM HaOIHOAeHUAMU. BpipaxkeHue JIN CKOpOCTM sIaBMH Ip 9TOM MMeeT BUT 
(CE rsh Ole 


¢ ——kt e 
Vm =E(7, — v*)l “Tra (18) 
rye v* — CKOPOCTb paBHOMePHOrO [BYXKEHHA JIaBYHBI, 
Oy itt Bist. (OPA (a — @) 
ye = —— ——____. (19) 
nS COs P Snes. 
Snecb K — xosddbunuent n060Boro compoTMuBIeHUA TBYxKeHMIO (IpHHuMasoce, 


UTO JOOOBOe COMPOTHBIICHMe MpOMOpMMOHAaIIbHO MepBOM CTeleHH CKOpOCTH TBHKe- 
Hua). B mpeamonoxKeHuM, 4TO CONMpPOTMBJIeHHe [BMXKeCHUIO MpOMOpUMOHAaJIbHO 
KBajipaty CKOpOCcTM Cc yueTOM 3axBaTa JIerKaluxX Ha NYTH BYXKeHUA CHe?KHDbIX 
macc (6, 7) WIA yuacTKa CKJIOHa C YIJIOM HaKJIOHa a, CKOPOCTh JBH)KeHUA JaBMHbI 
Uzi PaBHa. 


aX; (b= 1) \ dara x,(@ — D : 
ei a a ae ais a Vi-1 
b+1 x ent 
: (20) 
2gsi Kay 
1 Qi 
rye Os g sin = 9) Me ges ces in 
Oe 5 o 
COs P He n= 1 
b ist Ki H 
=> T 
K, ph 
H — spicora dbpouta naBunbi; h rryGuna cHexKHoro noKpoBe, K — Kosdduynent 
conpoTuBieHud pBwrKeHuIO, K, — KoodduuenT 3axBata, v,—,— CKOPOCTb Ha 
MpeybIqyujeM yuacTKe, x, — WPOTAXK€HHOCTb yuacTKa C YFJIOM HaKJIOHa «,,. G 


noMoubIO dopmyrb (20) MO%KHO BbIGHCIIMTb CKOPOCTh J1aBHHbI Ha JIKOOOM 
yuacTKe, ecm M3sBecTHa rmiyOuHa MOKpOBa, XapaKTep OTJIOXKMBUICTOCAH cCHera 
M YKIOH MeCTHOCTH. 


Pacuer aBnenune P npu yaape NaBuHbI O HeMOABUXKHOe MpeMATCTBMe Mpou3- 
BOJIMTCA 10 cbopmysie : 


Sea | a ence oa tr 21) 
; ks 
Puy es Pu ( 


Te p, MU po-MJIOTHOCTS CHera MO uM Mocme yfapa, Ap = po-pi, V — CKOPOCTbh TIBYDKC- 
HMA JIaBHHbI B MOMCHT y/lapa. 


{lana nlonyuenua uncneHHolt BesmuMHEI P, HecOxOAMMO pelllaTh ypaBHeHue (21) 
COBMECTHO C ypaBHeHHeM, BbIparKarOWHM 3aBUCHMOCTb ME*KAY pis Py UW p» KOTOpaA 
upemcrapnaetca cbopmysoi (2). CopmectHoe pelleHue ypaBHeHuA Oban 2) 
MIPMBOMAT K Cyepyrousjei copMy.e: 


K pivot + V(Kyp,v? + 400 Kp, 0 
pe OVS rs any 
200 K, 


(22) 


rae K, =£3,10 — 7,81 p. 

Kosddbunuents! B ypaBHeHuu (22) nogqoOpaHb! TAKUM oOpasomM, UTO ECM p BbIpa- 
»KaeTCA B T/cm?, v — B M/ceK, TO JaByeHve B KI/CM. 

B 1954 r. 6pino ycraHopneHo 11 muToB, perucrpupyouyMx cHTy yAapa Hu 
6 CTBOPOB, S3alMCbIBaICIINX CKOPOCTb ABY?KCHMA JIaBMHBI. 


QneKTphueckeA perucrpaliMA NpPOWSBOAUTCA NyTeM 3allvcH Ha ocuusitorpacbe 
H3MeCHEHUA CHJIbI TOKa, BbISBaHHOTO YBeMYeHHEM UHAYKTMBHOTO COMPOTMBJICHUA 
KaTYIWKM B pesyIbTaTe BABMTaHVA B Hee CepfeyHNKa, COCAHHCHHOTO C OCbIO mura, 
BOCHPMHUMarollero yap JlaBUHbl. 
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V3 12 naOmoyennit Hay cambimu pa3JIM4UHbIMH N10 XapakTepy J.BYPKeHUA aBuHaMuU 
BBIACHMJIOCh, UTO pacueTHble (PopMyJIbI pasa B 4 MpeBLIMITOT HAdTIOMAeMyIO CUy 
yMapa, MocweqHee MO BCeH BepOATHOCTH CBA3AHO C HeTOUHOCTHIO B ONpeseueHUn 
Kosduuuentos K, u K, B ypapueunuu. Ornomrenue M@KTY paccuuTaHHoli wu 
M3MCpeHHOM CHO yfapa OKa3asIOcb BeMUMHOM NocroaHHOm (40 10 %)5- ATO 
YKa3sbIBaeT Ha MpaBUJIbBHOCTh MPeANOCbIIOK, MONOKCHHbIX B OCHOBY BBbIBOJIa 
cbopmy i. 

Ha ocnopanun pacuetos (7, 8) u 9kKcMepuMeHTansHubix WaHHbIx, Oba pacuntTana 
cia y{apa JlaBHABI B T/M? 0 HENOABYKHOE MIpenATCTBUA B 3ABMCHMOCTH OT rIyOHHbI 
OTOPBaBIUIerOCA CHE*KHOLO rylacTa (h), BbICOTbI (ppouTa JaBuHD (H), yrma HaKsoHa 
CKJIOHA (a) HW J\IMHbI UpoiieHHoro nyTu (S). Oru WaHHpIe UpuBeyeHbI B TaOmuue 9. 


TaoOnuya 9 
h = 1 metp H = 3 metpa 
S B MeTpax 


o, 500 750 1000 1250 | 1500 
a a en LE LS 
20 2,26 Qs3t 353 3,8 4,2 
DS 6,5 8,45 10,2 1is9 13,3 
30 9,6 12,7 USS, 18,5 2S 
30 9,6 Dee, 15,7 18,5 PALS 
35 12,4 16,6 20,7 24,6 21,5 
40 15,0 20,3 25,4 30,4 3553) 
h = 2 metpa H = 3,5 metpa 
S B Metpax 
SR ee Ee oi 
a, 500 TED 1000 1250 1500 
20 75) 331 357 4,2 4,7 
DS Usp) 9,4 11,5 13,4 1553 
30 10,8 14,3 17,4 21,0 24,3 
35. 13,6 18,5 23,5 28,0 3255 
40 16,9 23,0 25,5 34,7 40,5 
h = 3 metpa H = 5 metpos 


a, 500 750 1000 1250 1500 
20 2,5 3,1 3,7 hie Sie 4,7 
25 eZ 9,4 11,6 13,6 Sigs: 
30 10,9 14,5 18,0 Bib} 24,6 
35 14,0 18,6 23,5 28,5 38,0 
40 if 23,6 29,5 35,4 41,3 
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. a LE CHANGEMENT 
DE LA DENSITE DE LA NEJGE EN HONGRIE 


M. KERI* & P. SALAMIN=* 


4 


a : : 
La connaissance de la densité de la neige est indispensable non seulement pour la 
dHerminaion de la teneur en cau de Ia neige recouvrant Je sol, mais aussi pour la 


Vé de 

Wédancr le probleme du changement par t au temps 

Cimatiques de la Hongsie. En méme temps, fon a déterminé les valeurs extrémes 
de la densité pour la Hongric. Les influences dimatiques ont &é prises en considération 
avec sin dans chacin des cas. 


- Pour d&essiner Véquivalent en cau de Venncigement 1 pour résoudre un grand 
Nombre de probléemes hydrologigues, il est indispensable de connaitre les change- 
ments de la densité (°) de la neige. 

Le changement de la densité de Ja neige, dans son essence, est le résultat des 
processus Véconomie énergie thermique <t des processus économie d'eau qui 
| Soptrent dans V enncigement et ferment sa structure cristalline, granulée ou amorphe. 
Pasmi les facteurs d économie d tnergie thermique, notons les plus importants - 

la condensation ou la transformation en Gat liquide de la teneur oi vapeur 
dean contenue dans les interstices <1 sur Ja surface de la couche de neige, 

la radiation solzize, 

la radiation de \'2ir dans la direction de Ja couche de neige. 

Véchange de chaleur entre Ja couche de neige et Vair. 

Vinfluence de la pluie tombée sur la couche de neige. 
ia conduction de Ja chaleur 4 partir de Vais ct du sol 
Dans le domaine de V économie d’cau, Yon peut considérer comme des facteurs 
essenticls - 
le sile des pré<ipitations en forme de pluic <1 de neige. 


(*) Institut sae ip at tt , Budapest. 
Chasse PHyds igue N* 1, Université des Sciences Techniques, 
4) Pours suivre Y et facilites I’ exposé. nous employons le terme « densité » 
pour désigner le poids i apparent de la neige a l'état de structure naturel, 
Cest-2-dire le pods d'un volume de neize egal 2 unite que Yon mesure directement 
pur Ve j pu : 


to 
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Lieux et stations de mesure. 


Fig. 1 
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le role de la teneur en vapeur d’eau qui se transforme en état liquide ou solide 
dans la partie intérieure ou a la surface de la couche de neige, 

Vévaporation, 

le ruisselement, l’écoulement et’ l’infiltration de la neige fondue. 

Conformément a ce fait, et pour étudier le probléme d’une facon précise, il nous 
faut examiner séparément chaque processus de l’économie d’énergie thermique et 
de l’économie d’eau, et les considérer aussi dans leur ensemble. telle que cela a été 
préconisée par plusieurs auteurs dans la littérature. Cependant dans la pratique, 
le plus souvent, il nous est impossible de soumettre ces facteurs — surtout ceux de 
Péconomie d’énergie thermique — a une telle étude précise, puisqu’il nous manquent, 
par rapport a une étendue plus grande, les données pouvant servir de point de départ 
pour nos recherches. Ainsi. nous sommes obligés de recourir 4 une méthode ala fois 
plus simple et plus directe — et en méme temps moins précise —, afin de déterminer 
le changement de la densité et d’éclaircir, avant tout, Ja nature des changements aue 
Yon peut observer dans lVespace et dans le temps. 

Ce fut cette voie que nous avons suivie en Hongrie pour étudier, au cours de ces 
derniéres années, le changement de la densité de I’enneigement. Cette étude nous a 
conduit a plusieurs résultats par rapport aux changements intervenus dans l’espace 
et dans le temps. Nous en donnerons, dans ce qui suit, les plus importants. Nous 
décrirons d’abord les lieux oti les recherches ont été faites et les méthodes que nous 
avons employées, et nous exposerons aprés les conditions générales dans lesquelles 
l’enneigement se forme en Hongrie 


LE LIEU ET LE TEMPS DE L’ETUDE; LES METHODES DE RECHERCHES. 


Nous avons étudié le changement de la densité de l’enneigement parallélement 
dans les régions montagneuses, dans les plaines et dans la ville. 

Les mesures les plus importantes effectuées sur la neige, en régions montagneuses, 
sont celles que nous avons faites dans les monts Biikk et dans les monts Matra. 

Dans /es monts Biikk (voir sur la Figure 1, numéro 7), les mesures d’enneigement 
ont été faites en 1954 dans le bassin versant supérieur du ruisseau du Garadna, qui 
s’étend sur 16,7 km? et s’enclave entre le plateau central du Biikk et celui dans la 
partie nord et nord-est de la montagne. La vallée érosive du Garadna, préformée 
par de jeunes ruptures, constitue la limite entre les deux plateaux. Le plateau central 
est, en grande partie, de l’étage moyen de la période triasique; il est fortement kar- 
stique et sa structure est constituée de calcaires gris. Une grande partie de son eau 
provenant des pluies et de la fonte des neiges, afflue, sous la terre, a travers un réseau 
d’eau karstique, vers la vallée du Garadna. La partie calcaire du plateau nord et 
nord-est, est de méme, fortement karstique, tandis que les parties voisines du bassin 
versant du Garadna, formées principalement de schistes, sont coupées par des vallées 
d’érosion. Une partie de l’eau de ce plateau s’écoule également vers la vallée de 
la Garadna. La surface du bassin exploré est découpée, ses pentes sont abruptes et dans 
son coin sud-ouest se trouvent des dolines. Sa vallée principale s’allonge dans la 
direction de ouest-est, ce qui a permis de faire une étude précise sur les influences du 
relief aux versants exposés au nord et au sud. Son sol est de « redzina » et de terres 
forestiéres décolorées. Son revétement naturel est de foréts de hétres. Une faible partie 
(4,5 %) de l’étendue des plateaux élevés se trouve recouverte d’herbages. Sont point 
le plus bas est 4 350 m au-dessus de niveau de la mer Adriatique, son point le plus 
haut atteint les 940 m d’altitude. La majeure partie de la neige fondue provenant 
directement du bassin versant étudié se rassemble sur la surface avant de se verser 
dans le Garadna, et ce n’est qu’une faible partie de l’eau qui s’infiltre dans la roche 


pour parvenir au ruisseau. [11] 
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Dans Jes monts Matra (*) les mesures ont été effectuées en 1955 et en 1956 sur 
le bassin versant de 44,8 km? du ruisseau « Kévicses »». Le bassin est constitué surtout 
par le plateau de Matra dont l’altitude moyenne varie entre 700 et 800 m, tandis 
qu’une faible partie du bassin s’étend sur la limite du Matra de l’ouest et du Nord. 
La partie formée par le plateau (sans compter quelques monts cOniques qui en forment 
la bordure), est une pénéplaine faiblement ondulée et aplatie. Les vallées principales, 
s’éloignant de la région des sources vers |’Ouest, s’enfoncent profondément dans le 
sol et le découpe de plus en plus fortement. La partie basse du bassin versant, située 
a la limite des Matra de l'Ouest et du Nord, sert de transition entre une région de colli- 
nes et le plateau. A cet endroit se trouve une particularité caractéristique : /e secteur 
asymétrique du Kévicses. Le point le plus bas du bassin versant est 4 175 m, le plus 
haut a 946 m au-dessus de la mer. Sa structure fondamentale est faite de produits 
volcaniques, surtout de piroxéne-andésite-tuf. Au pied ouest de la montagne, |’an- 
désite cede la place 4 un systéme de cénes de déjection établi sur un fond de sédiment 
caillouteux et sablonneux. Le sol du bassin est un sol forestier, quelquefois brun ou 
décoloré. En bas, il est revétu de foréts de chénes; aux plateaux les plus élevés et sur 
le yversant exposé au nord, de foréts de hétres. En beaucoup d’endroits, on 
trouve des prairies et des paturages. Des champs labourable et des vergers 
n’apparaissent que dans les parties les plus basses, 4 l’Ouest. L’eau des pluies et de 
la fonte des neiges s’écoule sur la surface et descend vers la vallée du Kévicses. 

Les mesures de neige faites dans les monts Matra, ont été complétées par des 
observations recueillies au nord des Matra, en 1955 et en 1956, dans le bassin versant 
du ruisseau du Tarjan (°), d'une étendue de 89,2 km? et en 1955 dans celui du ruisseau 
du Barna” (°) dont la superficie couvre 42,0 km®. Pour le premier, le point le plus 
bas est a 240 m et le point le plus haut a 625 m au-dessus du niveau de la mer; pour 
le second ils sont respectivement a4 220 m et a 628 m. 

Nous avons faits des recherches analogues aussi sur un autre terrain de caractére 
également montagneux: dans les montagnes de Buda (*) s’éleyant a 280-490 m 
daltitude. 

L’étude de la plaine a été entreprise 4 quatre endroits différents. De 1954 a 1956, 
sur le terrain s’étendant entre le Danube et la Tisza, A la station « Komlési»,? sur 
une clairiére sablonneuse dans une forét protégée des grands vents. Au-dela de la 
Tisza, a Szarvas * (1°) et dans le bassin versant de la Vallée de Kondoros 3(14), champ 
d’expérience aménagé a i’étude d’économie d’eau, couvrant une étendue de 24S 
km? et ayant une altitude de 87,5 m au-dessus de la mer Adriatique. A cet endroit, 
sur des terres labourées et des sols d’argile des prairie, nous avons mesuré, en 1954, 
respectivement en 1956, la valeur de la densité de la neige et son changement. De 
semblables recherches ont été effectuées aussi A Taskony (°), également au-dela de 
la Tisza, en 1954, dans un verger, sur un sol de terre limoneuse. 

Parallélement a ces investigations poursuivies en régions montagneuses et en 
pays de plaine, nous avons recueilli des observations aussi a Budapest, notamment 
au jardin de l’Université des Sciences Techniques (2) et au parc de I’Institut Météoro- 
logique (*) entourés de batiments et de pavillons. 

Au cours des recherches, on a déterminé d’abord Ja densité de la neige .On a pesé 
les échantillons de neige pour obtenir la densité ou plus exactement le poids spécifique 
apparent. L’épaisseur de l’enneigement a été mesurée en méme temps. 

Pour prélever les échantillons nous avons procédé soit en tenant compte du bassin 
_yersant tout entier et prélevant des échantillons tous les sept, éventuellement, tous 


* Observations de l'Institut de Recherches de Ressources Hydrauliques, 


Budapest. 


5 * Observations de I’Institut de Recherches d’Irrigation et de Culture de Riz, 
zarvas. 
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les quinze jours, soit en déterminant la densité de la neige tous les jours, sur un certain 
nombre de points sélectionnés. 

Dans les recherches relatives aux bassins yersants, les endroits des prélévements 
avaient été chosis de telle sorte que l’ensemble des prélévements soit susceptible de 
donner les caractéristiques complétes du bassin et contienne toutes les influences 
possibles exercées par le relief et la culture, sans laisser prévaloir les unes au détriment 
des autres. On a donc fait des prélévements d’échantillons également (+4) : 

dans des terrains différents du point de vue du relief et de la topographie (fond 
de vallée, versant, plateau, créte de montagne, vallées serrées et étendues, etc); 

dans des terrains de situation différente par rapport aux points cardinaux 
(vallées et pentes exposées au Nord, au Nord-Ouest, a l’Ouest, etc.); 

dans des terrains ayant une culture identique (prairie, paturage, forét, terrain 
déboisé et couvert de taillis, etc). 

On s’est efforcé de réaliser également la simultanéité des prélévements d’échan- 
tillons en les recueillant dans un intervalle de temps bref, avant méme que des change- 
ments importants puissent intervenir dans la structure de l’enneigement. Les 
prélévements réunie de la maniére indiquée ont été contrdlés aux divers occasions 
de prélévement, par l’approximation des résultats obtenus a l’aide des fonctions de 
répartition de la formule Pearson III. Sur la Figure 2, on a dessiné les courbes repré- 
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Fig. 2 — Contréle des prélévements d’échantillons a l’aide de la fonction de 
répartition. 


sentant les fonctions de répartition de la formule Pearson III, et présenté aussi les 
points caractérisant les probabilités empiriques de chaque résultat d’observation 
pour trois occasions de mesures effectuées dans les Matra en 1956 a 3-15 IL, 12-14 III. 
et 2-5 IV.). Comme on peut l’observer, les fonctions de probabilité théorique appro- 
chent trés bien des valeurs des probabilités empiriques, ce qui prouve que les préléve- 
ments d’échantillons avaient été bien disposés dans l’espace et dans le temps. 
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Nous avons fait des études sur toute l’étendue du bassin versant, dans les monts 
Biikk (“) et les monts Matra (*), dans le pays de collines et de montagnes au nord 
des Matra (° et °), dans la montagne de Buda (°), ainsi que dans le région d’au-dela 
de la Tisza, dans le bassin versant de la vallée Kondoros. Dans les monts Biikk, nous 
avons étudié le changement de la densité de la neige pendant quatre semaines, a 70 
endroits différent s’en prélevant des échantillons tous les quinze jours. Nous avons 
cherché a déterminer surtout les influences exercées par le relief, le mode de la culture 
des terres et la végétation. Dans les monts Matra, nous avons étudié le changement 
de la densité 4 130 emplacements; en 1955, pendant quatre semaines, en 1956, pendant 
huit semaines, en prélevant des échantillons tous les huit jours. A l’aide de ces 
échantillons nous avons pu caractériser non seulement les changements qui s’opérent 
sur la surface d’une pénéplaine faiblement ondulée, mais il nous a été possible de 
démontrer, en bien des cas, des influences morphologiques particuliéres aussi 
(influence des vallées encaissées, effet de l’asymétrie des vallées, etc.). Dans les autres 
régions mentionnées plus haut, nous n’avons effectué d’études couvrant toute 1’éten- 
due qu’exceptionnellement. pour des 1aisons de comparaison. 

Au cours des examens quotidiennement faits aux points d’observation ayant des 
caractéristiques climatiques bien définies, on a fait plusieurs prélévements par jour. 
Nous avons procédé de cette fagon a Budapest, dans le jardin de I’Université des 
Sciences Techniques (+); dans le pare de I’Institut Météorologique (Office Météoro- 
logique) (*), dans la montagne de Buda, au parc de l’Observatoire astronomique (°), 
dans les monts des Matra, 4 Matraszentlaszlé (*), a la station « Komlési » (8) entre 
le Danube et la Tisza et, enfin 4 Taskony (°) et a Szarvas (7°), au-dela de la la Tisza. 
Les prélévements recueillis sur ces points, tous les jours, nous ont servi surtout a 
caractériser les changements dans le temps. 

Le nombre des échantillons de neige examinés pendant la durée de trois ans, se. 
répartit comme suit : 


1954 1955 1956 
en région montagneuse 904 1223 2372 
en pays de plaine 937 66 396 
en ville 548 210 197 


Le nombre total s’éléve, en rond, a 6850. L’étude d’un nombre d’échantillons aussi 
considérable nous a permis d’obtenir, par la déduction, un certain nombre de résul- 
tats touchant a la densité de la neige. ne 

Parallélement aux mesures de la densité et de l’épaisseur de la couche de neige, 
nous avons pris en considération les relevées d’observations des stations météorolo- 
giques relatives aux points et aux régions étudiées. A la station météorologique de 
Matraszentlaszl6 (*), nous avons mesuré continuellement, de jour en jour, la tempé- 
rature au-dessus et en dessous de niveau de la neige. 


LES CONDITIONS GENERALES DE LA FORMATION DE L’ENNEIGEMENT (2-°) 


On peut prévoir la formation de la couche de neige, en Hongrie, pour toute la 
période qui s*étend entre le premier et le dernier jour de la chute de neige, mais sa 
durée n’est pas, naturellement, aussi longue. Le premier jour de la chute de neige 
apparait dans la deuxiéme moitié d’octobre au plus t6t, dans la région montagneuse 
dont l’altitude dépasse les 500 m au-dessus du niveau de la mer Adriatique. Au début 
de novembre, il y a de la neige dans toutes les montagnes d’altitude moyenne, et 
dans les premiers jours de la troisigme décade de ce mois, la neige commence a tomber 


190 


presque partout en Transdanubie, et méme dans la partie nord-est dela plaine hongroi- 
se, de PAlfold. La derniére chute de neige — dont la date moyenne ne peut étre eee 
avec la certitude voulue a cause de l’incertitude psychologique qui entache les obser- 
vations ee se siue entre la troisiéme décade du mois de mars et les derniers jours de 
la premiére decade de mat; elle arrive dans Vordre inverse des régions énumeérées. 

Le premier jour calculé en moyenne ow /a couche de neige se maintient déja est 
autour du 10 novembre (Matra-Biikk). Cependant, vers le milieu de ce mois, la 
premiére couche de neige recouvre déja toute la région montagneuse de la eanetes 
Dans la premiére moitié de décembre, la Transdanubie et la partie nord de l’Alféld 
se couvre aussi de neige, et dans la deuxiéme moitié du mois (jusqu’a 24 décembre 
au plus tard), la partie sud de I’Alfold est également enneigée. Comme Ja disparition 
de la couche de neige dépend, en Hongrie, beaucoup plus de la quantité de neige 
accumulée pendant l’hiver que de la derniére chute de neige (qui ne donne générale- 
ment qu’une couche de neige incapable de se maintenir), il n’est pas impossible que 
la date des deux phénoménes, calculée en moyenne, soit tout prés l’une de l’autre, 
que l’enneigement se conserve méme au-dela du dernier jour de neige calculé en 
moyenne. Dans tous les cas, dans le sud du pays qui est la partie la plus chaude, la 
couche de neige disparait vers le milieu de février. Au mois de mars, il est rare de 
trouver de la neige dans les plaines hongroises. Mais la partie sud-ouest de !a 
Transdanubie et les régions de montagnes moyennes restent recouvertes de neige 
jusqu’au milieu de mars; dans les hautes montagnes du pays, le manteau de la neige 
ne disparait que dans la deuxiéme moitié de ce mois, et recouvre les cimes les plus 
hautes jusqu’aux premiers jours d’avril. 

Dans l’intervalle compris entre ces dates de limite, il y a des interruptions plus 
ou moins longues, et /e nombre des jours pendant lesquels lenneigement continue 
a se maintenir, n’est que les deux ou trois-cinquiémes de la totalité des jours. La 
couche de neige recouvre le sol pendant 30-45 jours a |’Alféld et de 35 a 50 jours 
dans la Transdanubie; tandis que dans les autres régions non-montagneuses, en 
fonction de l’altitude d’au-dessus de la mer, de 30 4 60 jours. Dans les montagnes 
de la Hongrie, la durée de la couche de neige est de SO a 100 jours, a Kékestetd 
(1015 m), la plus haute cime de la Hongrie, elle est de 104 jours. 

En octobre, /a durée moyenne de la couche de neige est de 1 a 2 jours, mais dans 
les régions montagneuses seulement, ailleurs la neige ne se maintient pas encore a 
cette époque. En novembre, la moyenne est de 0 a 5 jours a l’Alféld, de 5 a 9 jours 
dans les montagnes. Au mois de décembre, elle est de 5 a 15 jours pour la grande 
plaine et de 15 4 20 jours pour les montagnes. En janvier, elle est de 15 a 20 jours, 
respectivement de 20 a 30 jours. Au mois de février, on peut compter de 8 a 15 jours 
pour l’Alféld et de 15 a 18 jours pour les montagnes. En mars, la couche de neige 
ne se maintient plus que pendant 2 a 5 jours dans la grande plaine et de 
5 a 15 jours dans les montagnes.Au mois d’avril, on ne trouve plus de trace de la 
couche de neige a l’Alféld, mais elle se maintient de 1 4 2 jours dans les régions 
périfériques du Sud-Ouest et du Nord, et de 2 a 5 jours dans les montagnes. En mai, 
la couche de neige est une rareté méme dans les plus hautes montagnes du pays. 

L’épaisseur moyenne de la neige, calculée pour toute la durée de I’hiver, est 
de 446 cm a I/’Alféld, de 5 a 10 cm dans la Transdanubie, de 10 a 15 cm dans les 
montagnes plus hautes et de 4 a 8 cm dans les autres parties de la Hongrie. Bien 
que les jours d’enneigement soient les plus nombreux en janvier par rapport a la 
longueur du mois, les épaisseurs de neige maxima, calculées en moyenne, n’apparais- 
sent qu’en février (a l’Alféld elles sont de 4 a 8 cm, dans la Transdanubie de 8 a 
10 cm, dans la région montagneuse, aux niveaux moins hauts de 4 a 10 cm 
et dans les endroits plus hauts de 10 a 25 cm). Ce fait est significatif : elle 
montre que l’accumulation de la précipitation sous forme de neige continue a augmenter 
méme en février et la couche de neige ne se fond, avec une grande rapidité, que vers 
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Fig. 4 — La répartition des jours d’enneigement en Hongrie pendant l’hiver 1953/54. 


la fin de ce mois quand le temps commence A s’adoucir. Par suite de ce dernier fait, 
février est plus chaud, du point de vue de la température moyenne que le mois de 
janvier. Cependant, la couche de neige se maintient dans la majorité des cas, jusqu’a 
la fin de février :, et si l’on tient compte de tous les phénoménes climatiques qui 


caractérisent l’hiver, février peut étre considéré, 


hivernal. 


1S 


en Hongrie, comme le mois le plus 


Cest un trait caractéristique des conditions de neige en Hongrie, que /’épaisseur 
maximum de lVenneigement ne dépasse jamais 1 métre sauf les hautes montagnes. 
Dans les montagnes ot la précipitation totale est essentiellement plus importante 
que partout ailleurs dans le pays, il arrive assez souvent que |’épaisseur maximum 
de l’enneigement atteigne ou dépasse cette limite. Cependant, en général, on peut 
constater que l’épaisseur maximum de la couche de neige a l’Alféld reste au-dessous 
de 50 cm dans la périférie d’est, et au-dessous de 50 a 75 cm dans les autres parties 
de la plaine, tandis que dans la Transdanubie et dans les montagnes, elle varie entre 
75 et 100 cm. 

Pour montrer l’invariabilité relative des conditions de neige dans le temps, en 
Hongrie, on a résumé dans les Tableaux I-II et sur les Figures 3-4 les résultats des 
observations effectuées dans les monts Matra (a Kékestet6) au cours des 28 hivers 
derniers (1929/30-1956/57). 


TABLEAU I 
a 


Fréquence des jours d’enneigement a Kékesteté par intervalles de 5 jours 


nombre des jours pendant lesquels l’enneigement se maintient 


mois 

0-5 6-10 11-15 16-20 21-25 26-31 

fréquence en % 

xX 96 — 4 — = — 
XI 50 12 19 15 4 — 
XII 11 12 19 15 8 35 
I — = 4 4 8 84 
II = 4 4 4 12 76 
Il 19 19 12 19 4 27 
IV 69 19 4 8 — — 
Vv 100 — — = == = 


On peut constater aprés le Tableau I que l’enneigement qu’on a vu revenir le plus 
souvent pendant la période allant de décembre a mars et, dans plus que les trois 
quarts des cas examinés, en janvier et en février, c’était la couche de neige de durée 
de 26 a 31 jours. Comme il est indiqué dans le Tableau II, dans presque les deux 


TABLEAU II 


Fréquence de la durée d’enneigement a Kékesteté 
durée de l’enneigement en jours 


0-25 26-50 51-75 76-100 101-125 126-152 
fréquence en % 


avs = 12 27 42 19 
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tiers des cas examinés, l’on peut compter, dans les monts Matra, avec un enneigement 
continu d’une durée qui atteint ou dépasse la moyenne. Les Figures 3 et 4 font bien 
voir que les traits principaux caractérisant la répartition des jours d’enneigement, 
sont les mémes en Hongrie pour la moyenne des années et pour chaque année comptée 
séparément. La partie nord-est de la Hongrie (les vallées du Sajo, du Hernad et du 
Bodrog) ot les precipitations de V’hiver sont les plus faibles, restent en arriére du point 
de vue du nombre des jours d’enneigement aussi par rapport aux autres régions du 
pays. Les territoires restant couverts de neige le plus longtemps, — par rapport 
a la moyenne aussi bien qu’en ce qui concerne les cas particuliers, —se trouvent 
dans la région montagneuse. Les valeurs caractéristiques des territoires dont les 
conditions de neige, pour certaines années, s’écartent sensiblement de la moyenne 
—comme cela fut le cas pour le bord Est de l’Alféld pendant Vhiver 1953/54, — 
restent en dessous des valeurs de la région montagneuse ot les conditions de neige 
sont toujours les plus favorable. 

Aux différences qui se manifestent entre les valeurs moyennes 4a I’intérieur des 
régions naturelles plus vastes (sur nos plaines par exemple, la différence du nombre 
des jours d’enneigement peut varier de 15 a 20 jours), correspondent, chaque année, 
a cété des valeurs moyennes plus basses ou plus hautes, selon que l’hiver avait été 
pauvre ou riche en neige, des différences de méme ordre de grandeur. II en est de 
méme pour nos régions montagneuses, mais la, en conformité avec les différences 
d’altitude plus importantes, les différences de valeur moyenne sont plus élevées et 
les variations de la durée d’enneigement plus grandes. Comme on le voit, en Hongrie, 
les variations de la durée d’enneigement dans le temps et dans espace montrent une 
identité rassurante. 

Si l’on examine les conditions générales de la formation de l’enneigement, on 
peut constater que le nombre des jours d’enneigement par mois, ainsi que sa durée 
moyenne et la moyenne et le maximum de son épaisseur représentent, conformément 
a la situation de géographie physique et climatique du pays, des valeurs relativement 
peu élevées et que la variation de ces valeurs dans l’espace et dans le temps reste 
relativement faible. La valeur relativement réduite des caractéristiques de l’ enneigement 
et leur variation motivent suffisamment les résultats principaux qu’on a obtenus au 
cours des recherches sur la densité de la neige et qui vont étre présentés dans les 
chapitres qui suivent. 


LE CHANGEMENT DE LA DENSITE DANS L’ESPACE 


Pour déterminer le changement général dans l espace, nous nous sommes servis 
des relevés d’observations recueillies dos les montagnes Bikk et Matra et sur le 
territoire s’étendant au Nord de la montagne Matra. Ces données confirment en 
tous points, le fait que la valeur de la densité, dans les conditions climatiques de la 
Hongrie, ne change que dans une mesure relativement faible. Les données démon- 
stratives de cette constatation assemblées par la voie du calcul des probabilités, sont 
résumées dans le Tableau HI et dans les Figures 5,6 et 7. Dans ces Figures, afin de 
permettre d’embrasser d’un regard les recherches, nous avons appliqué un systéme 
de coordonnées a trois axes. Sur l’axe horizontal, on a représenté la densité. Sur 
l’axe vertical on a porté, en partie, les moments du prélévement des échantillons 
qui devaient déterminer les axes horizontales des figures de détail, et en partie la 
fréquence juste par rapport a cet axe horizontale mentionné derniérement. Les 
Figures ainsi présentées nous ont permis de mesurer non seulement les changements 
dans l’espace, mais dans le temps aussi. Si l’on confronte les Figures avec les colonnes 
correspondantes du Tableau III, on se rend compte du fait que la différence des 
valeurs de densité de probabilité de 10% et de 90°% non seulement ne dépassent pas 
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Fig. 5 — Etude de la répartition des valeurs de la densité dans l’espace et dans le 
temps. Mts. Biikk, 1954. 


Ay = 0,12, mais restent, généralement bien en dessous de celui-ci, c’est-a-dire les 
densités des échantillons, pour 80% des cas examinés, ne se différencient pas les unes 
des autres dans une mesure qui dépasserait Ay = 0,12 dans aucune année et dans 
aucun zone étudié. Ce résultat qui découle naturellement des causes mentionnées 
dans le chapitre précédent, signifie, en réalité, qu’en Hongrie la densité de la neige 
ne change que dans une mesure relativement faible. 

Au cours de l’étude des valeurs extrémes, on a constaté, que dans les conditions 
de Hongrie, la densité de l’enneigement frais est : Ymin = 0,09-0,12 kg/l. Nous avons 
observé, dans des cas particuliers, des couches de neige d’une structure considérable- 
ment moins compacte. Si la couche de neige est composé de neige mouillée fraichement 
tombée, sa densité est beaucoup plus grande. L’autre valeur extréme de ia densité 
apparait dans le processus final du dégéle. Dans le cas d’une couche de neige trés 
mince dont l’épaisseur n’atteint que 10 ou 20 cm, la neige se fond déja au-dessus 
d’une densité dey = 0,20, et commence a suinter; dans le cas oti l’enneigement est 
plus épais et, dans certains cas méme s’il est moins €pais, la fonte se termine lorsque 
la neige atteint la densité deymax = 0,36-0,40. La densité de la neige ne peut s’élever 
au-dessus de cette valeur extréme que difficilement, dans des conditions particuliéres 
et sur certains points du terrain, seulement dans les restes de couches de neige. Ces 
restes de couches de neige d’une densité élevée se rencontrent surtout a la fin de 
Vhiver, le plus souvent au long des murailles de loess exposées au Nord, dans les 
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TABLE 


Application du calcul des probabilités a l’élaboration des données recueillies ¢ 


region date des mo- 
Année ING ctudice Ss prelevementS a meer Cs = yenne ———H——__—_——_ 
d’échantillons 
1 3 5) 
1954 t) Bikke @ H.12-15 88 0,189 +0.071 0,174 0,252 0,237 0,229 0,2 
2 I].26-28 161 0,150 +1.252, 0,232 0,343 0,313 0,299 0,2 
3 II.12-14 30 0,086 +0,179 0,376 0,455 0,439 0,431 04 
1955 1 Matra (*) I.29-III.1 47 0,102 +0,622 0,188 0,241 0,229 0,223 0,2 
2 III.7-8 95 0,180 +1,584 0,241 0,388 0,346 0,326 0,2 
3 II1.13-15 90 0,144 +0,493 0,329 0,456 0,427 0,413 0,3 
4 III.20-22 55 0,132 +0,589 0,336 0,458 0,430 0,416 0,3 
5 III.26 7 — — 0,393 = — — we - 
1956 1 Matra (*) II.13-15 99 0,099 +1,005 0,136 0,177 0,166 0,161 
2 II.23-26 106 0,162 +1,495 0,220 0,338 0,305 0,289 
3 11.29-III.3 105 0,165 -+1,342 0,266 0,408 0,369 0,350 
4 I1.6-8 109 0,121 +1,064 0,306 0,420 0,390 0,376 
5 l.12-14 95 0,096 +0,347 0,285 0,356 0,340 0,333 
S/a  >650m 38 0,097 +1,085 0,273 0,355 0,333 0,323 
S/b = =<650m 57 0,086 -+0,013 0,293 0,352 0,340 0,334 
6 T11.19-22 106 0,123 +0,129 0,329 0427 0407 0397 
6/2 >650m 38 0.114 +0.725 0,301 0,398 0,375 0,364 
6/6 <650m 68 0,099 —0,007 0,346 0,426 0,410 0,402 
if II.26-29 96 0,110 +0,012 0,330 0,416 0,399 0,390 
Tla  >650m 38 0,091 +0,639 0,320..0,401 0,382 0,373 
7/56 = <650m 58 0,117 —0,332 0,336 0,418 0,404 0,396 
8 IV.2-5 32 0,083 —0.032 0398 0,474 0,459 0,452 
eee vartaiec) III.8-9 21 0,137 +0,091 0,310 0,412 0,391 0 381 oa 


rrr 


Remarques : n 
Cy 
Cs 
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= nombre des données 
= facteur de variation 
= facteur d’asymétrie 


ssins versant des ruisseaux « Garadna », « KGvicses » et « Tarjan » 1954-1956 
te 
densité kg/I 


Ib *différence’ 
d’une probabilité de 
30 40 50 60 70 80 90 95 97 99 Xs—Xo5 Kip —Xogo 
ves kg/l 

0,191 0,182 0174 0,165 0.157 0,146 0,132 0,121 0,113 0,099 0,108 0.084 
0,244 0,234 0,225 0,217 0,210 0,203 0,195 0,190 0,187 0,183 0.109 0,084 
0,392 0,383 0,375 0,367 0,358 0,348 0,335 0,325 0,318 0,305 0,106 0,083 
0,196 0,191 0,186 0,181 0,177 0,172 0,165 0,160 0,157 0,152 0,062 0,048 
0,253 0,240 0,230 0,221 0,213 0.206 0,198 0,193 0.191 0,189 0,133 . 0,101 
0,351 0.337 0,325 0313 0302 0,289 0,271 0,258 0,250 0,236 0,154 0,120 
0,356 0,343 0,332 0,321 0,310 0,298 0,283 0,271 0,264 0,252 0,144 0,112 
0,141 0,137 0,134 0,131 0,128 0,125 0,121 0,118 0,117 0.115 0,043 0,033 
0,231 0,220 0,212 0,204 0,197 0,191 0,184 0,180 0,178 0,175 0,109 0,084 
0,280 0,267 0,257 0,247 0,238 0,230 0,220 0,214 0,211 0,207 0,136 0,105 
9,320 0,309 0,300 0,291 0,283 0,274 0,265 0,258 0,254 0,249 0,118 0,091 
9,298 0,290 0,283 0,277 0,270 0,262 0,251 0,243 0,238 0,228 0,090 0,070 
0,283 0,275 0,268 0,262 0,257 0,250 0,244 0,239 0,236 0,232 0,084 0,065 
9,306 0,299 0,293 0,287 0,280 0,272 0,261 0,252 0,246 0,235 0,082 0,064 
0,350 0,338 0,328 0,318 0,307 0,295 0,278 0,264 0.255 0,239 0,133 0,104 
9,316 0,306 0,297 0,289 0,280 0,272 0,261 0,253 0,247 0,239 0,111 0,086 
9,364 0,355 0,346 0,337 0,328 0,317 0,302 0,290 0,282 0,265 0,112 0,088 
0,349 0,339 0,330 0,321 0,311 0,299 0,283 0,270 0,262 0,245 0,119 0,093 
0,333 0,324 0,317 0,310 0,303 0,295 0,285 0,278 0,274 0,266 0,095 0,074 
9,358 0348 0,338 0,328 0,317 0,304 0,284 0,268 0,257 0,235 0,128 0,100 
9,415 0,406 0,398 0,390 0,381 0,370 0,356 0,344 0,336 0,320 0,108 0,084 
0,332 0,320 0,309 0,299 0,288 0,274 0,256 0,242 0,232 0,214 0,139 0,109 
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Fig. 6 — Etude de la répartition des valeurs de la densité dans Vespace et dans le 


temps. Mts. Matra, 1955. 


endroits abrités de la radiation, si elles avaient été recouvertes, par le vent, de loess, 
de la poussiére et d’herbes séches, au cours de la période de forte gelée. L’enneigement, 
composé a Vintérieur de deux a quatre couches congélées, a également une densité 
élevée [1°]. 

Les effets du relief ont été mis en évidence surtout par les recherches effectuées 
dans les Biikk (’). Les résultats des mesures faites pendant les journées de 12 a 13 
et de 16 a 28 février 1954, sont représentées sur la Figure 8, en coupes transversales 
verticales imaginées en direction sud-nord. On y fait figurer également les valeurs 
caractéristiques de |’épaisseur de l’enneigement et celles de son stock en eau. Dans 
lintervalle de ces quinze jours de recherches, il n’y a pas eu d’importantes chutes 
de neige. L’augmentation de |’équivalent en eau est due surtout a la condensation 
qui se renouvelle par périodes de 24 heures. On peut constater, en consultant la 
Figure 8, que Ja densité est extrémement élevée aux pentes exposées au Sud, elle est 
moyenne aux plateaux et dans les fonds des yallées, et petite aux yersants nord; eile 
décroit sensiblement ayec l’augmentation de laltitude. Des mémes recherches effectuées 
dans les Biikk, nous ont fourni un autre exemple encore de la répartition de la densité 
dans l’espace, sous l’effet des influences du relief. Nous le reproduisons sur la Figure 9 
ou l’on peut se rendre compte aisément des effets du relief. Au cours des recherches 
poursuivies dans les monts Matra (*), V’influence du relief s’est manifestée de la 
maniére la plus compléte dans la vallée asymétrique du K6vicses. [4 

Avant d’examiner de plus prés la diminution accentuée de la densité par rapport 
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Fig. 7 — Etude de la répartition des valeurs de la densité dans |’espace et dans le 


temps. Mts. Matra et le bassin versant du ruisseau du Tarjan, 1956. 


a augmentation de l’altitude, nous traiterons d’abord du changement de la durée 
de l’enneigement qui accompagne |’augmentation de altitude. 

La durée de l’ enneigement, selon les valeurs moyennes des années 1929/30-1943/44, 
s’accrott, par 100 m, de 6 a 10 jours dans la Transdanubie et de 20 a 30 jours dans 
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Fig. 8 — L’influence des facteurs de relief. Mts. Bukk, 1954. 
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la région montagneuse nord, jusqu’a 400 m d’altitude a peu prés (Figure 10). Dans 
les régions montagneuses qui peuvent étre considérées comme les*plus élevées, par 
rapport aux conditions géographiques de la Hongrie, c’est-a-dire au-dessus de 400 m 
environs, elle ne s’accroit plus que de 10 a 18 jours, par 100 m de différence d’altitude: 
l’augmentation est donc beaucoup plus faible ici que n’est l’'augmentation des valeurs 
totalisées dans la partie Est du pays (l’Alféld et la région monitagneuse), dont I’alti- 
tude reste en dessous de 400 m. Pendant les quatre hivers compris dans l’intervalle 
de 1952/53-1955/56, années ot nous avons effectué la plupart de nos recherches, 
la durée moyenne, par rapport au pays, était de 20 jours par 100 m, en allant jusqu’a 
200 m; elle s’accroissait de 15 jours pour les altitudes comprises entre 200 et 600 m, 
et de 10 jours par 100 m pour les altitudes dépassant les 600 m. On peut constater 
que les données de cette espace de temps, groupées par niveaux d’altitude, s’accor- 
dent trés bien avec la moyenne des relevées d’un grand nombre d’années. Nous repré- 
sentons dans le Tableau IV, l’accroissance du nombre des jours d’enneigement par 
rapport a augmentation de l’altitude, répartie selon les régions du pays. Comme 
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Fig. 9 — L’influence des facteurs de relief. Mts. Bukk, 26-28, II, 1954. 


on le voit par les résultats, Ja durée de l’enneigement était un peut plus grande a 
l Alféld, dans les plaines en dessous de 100 m, que dans le pays de collines, entre 100 
et 200 m. Cette inversion, de méme que celle que nous avons constaté dans la moyenne 
d’un grande nombre d’années, remontent aux influences de la structure du sol. Dans 
la grande plaine hongroise, en effet, les sols des terrains bas sont. généralement, 
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TABLEAU IV 


Augmentation du nombre des jours d’enneigement 1952/53-1953/54 


Altitude 


en m, au-dessus du niveau de la mer Adriatique 
. 


Régions naturelles du pays — 100 100-200 200-300 300-400 400 


nombre des jours d’enneigement 


Transdanubie 3) 44 49 60 — 
Alfold (grande plaine hongroise) 39 38 62 —= = 
Montagnes du Nord 3 45 53 59 83* 


*a Valtitude de 672 m 
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froids, compacts et limoneux, tandis que les terrains plus hauts — entre le Danube 
et la Tisza surtout — se composent de sols sableux, chauds, légers et friables; il est 
donc naturel que sur les premiers, l’enneigement ne garde plus longtemps que sur 
les derniers. C’est pour la méme raison que, dans l’Alféld, le manteau de neige 
recouvre pendant un temps plus long les terrains dont l’altitude n’atteint pas les 
100 m, que dans la Transdanubie ow le sol est médiocrement compact. Il en est de 
méme pour les terrains ayant une altitude de 100 4 200 m dans VAlféld, par suite 
de la structure du sol, ils restent recouverts de neige plus longtemps que dans la 
Transdanubie, a la méme altitude. La haute valeur extraordinaire de Valtitude de 200 
a 300 m de la grande plaine hongroise semble confirmer la these de géographie physique 
suivant laquelle la durée de la vie de l’enneigement des montagnes massives serait 
moins longue que celle des montagnes isolées [{]. En résumé, nous devons insister 
sur le fait que — les niveaux d’altitude de 100-200 m de l’Alféld exceptés — /’aug- 
mentation de la durée de l’enneigement accompagne toujours V'accroissance de I altitude, 
et cela parait avoir presque le caractére d’une loi. 

Cette augmentation entraine naturellement la diminution de la densité, fait que 
nous avons déja démontré sur la Figure 8, en y reproduisant les valeurs de la densité 
par rapport a deux coupes imaginaires d’une hauteur différente. Sur la Figure 11 
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Fig. 11 — L’influence des facteurs de relief et de J’altitude. Mts. Biikk, 1954. 


nous représentons ces données d’une maniére plus directe, en fonction de l’altitude. 
On voit que, si l’on excepte l’enneigement du versant nord abrité, ne subissant aucun 
changement, la densité diminue partout. [*] 

Les recherches effectuées dans les monts Matra (*) ont fourni également la 
preuve de la thése relative a la diminution de la densité par rapport a l’augmentation 
de l’altitude. Il suffira d’en citer ici un exemple: les mesures effectuées, au cours 
de la quatriéme semaine, a des altitudes différentes, ont donné pour la densité 


moyenne, les valeurs suivantes : 
> 850 my = 0,287 kg/I 


500-850 m = 0,298 » 
350-500 m = 033i 
< 350 m =e ONS iS. MDS. 


Nous avons déja établi lV’influence de l’altitude en étudiant la répartition des 
relevés de mesure recueillies dans les monts Matra (*). Les résultats qu’on avait 
obtenu au cours des cinquiéme, sixi.eme et septi¢me semaines en 1956, ont été classés 
en deux groupes (zone au-dessus et zone en dessous de 650 m) et controlés par l’ap- 
proximation effectuée a l’aide de la courbe de répartition de la formule III de Pearson. 
Le Tableau III et la Figure 5 permettent de se rendre compte des différences qui se 
produisent a la suite de l’influence de I’altitude: le maximum de la fonction de 
répartition se déplace et la différence des densités de la probabilité de 10 °% et de 
la probabilité de 90 % diminue. 

Les influences de la végétation ont été yérifiées aux cours des recherches pour- 
suivies dans les monts Biikk (7) et les montagnes de Buda (3). La densité a atteint 
la valeur la plus élevée sur les piés et paturages plus ou moins étendus, entourés de 
foréts. Elle a été la plus petite dans les foréts d’age moyen, et avait une valeur 
intermédiaire dans les vieilles et les jeunes foréts (Tableau V). Il ressort de 1a que 
l’effet climatique des arbres dont l’ombre recouyre le sol complétement en été, reste 
valable méme en hiver. On peut constater. en général, que le changement de la densité 
de l’enneigement est beaucoup moins considérable dans le cas de la variation des 
groupes de plantes que dans celui de I’altitude. [°] 


TABLEAU V 


rr 


Influence de la végétation sur l’économie d’eau de Venneigemnet 
(bassin versant du ruisseau du Garadna) 


de 12 a 15 If. 1954 de 26 a 28 II. 1954 
végétation - — 
n Vv b ae n Vv b 

cm mm kg/l cm mm kg/l 
pré, paturage 18 44,4 BS) 0,165 2S 38,6 92,8 0,241 
vieille forét 39 43.1 73,0 0,169 71 Sine 83,0 0,223 
forét 25 41,3 63,5 0,154 27, 36,3 TID 0,218 
jeune forét 19 42,1 70,2 0,166 29 38,0 85,2 0,224 
Remarques : = l’épaisseur de la couche de neige, 


vi 

h = Véquivalent en eaux de la couche de neige, 
Y = la densité de la couche de neige, 
n = nombre des prélévements d’échantillons. 


oo —— — ee 
LE CHANGEMENT DE LA DENSITE DANS LE TEMPS 


La densité peut varier dans le temps, sous les influences climatiques, de la 
maniere la plus diverse. Le motif principal des changements dans le temps, c’est 
le changement périodique de 24 heures produit, le plus souvent, par les alternatives 
de gel et de dégel du jour et de la nuit. C’est de ces changements quotidients, se 
déroulant en peu de temps, que se compose le processus du changement complet 


embrassant toute la durée de la vie de l’enneigement. Dans ce qui suit, nous exposons 
les résultats de nos recherches par Tapport au processus complet d’accumulation | 


et de fonte de I’enneigement. 


204 


Aux conditions climatiques de la Hongrie, dans une année d’enneigement durable, 
le changement de la densité dans le temps, Seffectue d’une fagon assez identique sur 
les territoires les plus éloignés du pays, jusqu’au commencement de la fonte de neige. 
Sur la Figure 12, nous présentons les changements de la densité observés, pendant 
les mois de janvier et de février 1954, dans les montagnes de Buda, au jardin de 
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Fig. 12 — Le changement de la densité dans le temps. I-II, 1954. 


l’Observatoire astronomique (*), entre le Danube et la Tisza, a la station « Kom- 
lési» (8) et au-dela de la Tisza, 4 Taskony (°), le tout par rapport aux observations 
recueillies dans le jardin de |’Université des Sciences Techniques de Budapest (). 
Il faut naturellement insister sur le fait que, pendant l’hiver en question, les conditions 
de l’économie thermique et de |’économie d’eau avaient été presque les mémes dans 
tout le pays. [1°] 

Il est 4 remarquer que dans /e changement de la densité, on peut observer des 
phénoménes qui permettent de faire des estimations. Nous’ en mentionnerons deux : 
le rapport entre le changement de la densité et la fonte, et les rapports entre le chan- 
gement de le densité et l’épaisseur de l’enneigement. ({7—1?] 
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On peut constater, tout d’abord, qu’il est possible de déterminer /a valeur limite 
inférieure de la densité (y;). Avant qu’elle apparaisse, chaque goutte de l’eau de fonte 
reste dans l’enneigement en tant qu’eau capillaire et eau se tranformant en glace. 
Il est possible de déterminer /a valeur limite supérieure (Ys) aussi. Au moment ot 
elle est atteinte, la fonte est déja commencée, l’enneigement perd de |’eau qui suinte 
a travers la couche de neige et s’écoule. La valeur limite inférieure, dans les conditions 
de Hongrie, est ay; = 0,22-0,25 kg/l, la valeur limite supérieure a Ys = 0,35-0,40. 
Si la densité est entre les deux valeurs limites, l’eau de fonte reste dans la neige ou 
découle, selon la situation momentanée de |’économie d’énergie thermique et de 
l'économie d’eau. [2°] 

L’observation nous a amené a constater qu’au cours de la fonte se produisant 
entre les limites inférieures et supérieures, il existe une corrélation assez étroite entre 
la diminution de I’épaisseur de l’enneigement et |’augmentation de la densité. A une 
diminution de | cm de Venneigement, correspond approximutivement une augmentation 
de 0.01 de la densité. [}°] 
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Fig. 13 -— Le rapport entre la valeur moyenne de la densité (M) et le facteur de 


lasymétrie (C). 


A partir de ces observations et constatations, nous avons élaboré une méthode 
pratique servant a l’estimation du changement de la densité. Nous en présentons 
les principes de base et les rapports fondamentaux dans le Tableau V!. [21] 

Par rapport aux changements se produisant dans le temps, on peut découvrir 
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des corrélations étroites aussi entre les résultats obtenus dans I’étude du bassin versant 
entier (Tableau III, Figures 5-7). 

Le coefficient dasymétrie (Cs) caractérisant la répartition des résultats des 
observations recueillies sur un bassin versant, est une valeur relativement peu élevée 
(Tableau III. 1954: +0,071). Dans le cas dune transmission de chaleur minime a 
l’enneigement, le coefficient d’asymétrie s’accroit brusquement (Tableau III, en 1954: 
Biz te2525 en, 1955 :7=—0);622 et aprés : +1.584, en 1956: +1,005, et aprés: +1,495). 
La valeur maximum du coefficient d’asymétrie apparait a l’enneigement dont la 
densité moyenne est Yi = 0,22-0,25 (Figure 13). 


TABLEAU VI 
Formules servant a la détermination de la densité de la neige 


eee eee 


| calcul de la densité (kg/l) si le jour « j—1 » 
domaine de | : : oe ae Sees 


| | 


la densité il n’y avait | ily avait | il y avait | 
pas de pré- | beaucoup | peu de pluie il neigeait 
cipitation de pluie | 
| | 43 | 
LA 
ey, j= 1 
seen (1-10 vj () 
| | Be as 
NAY 5 Y= &j—1 — 4) 0,01 (2) |} yy = — iO) wiraske: (3) 
: | pete | ou Hj = 
Yq atteint y, | ae tS (4) ACY Vi—1 
Remarques ‘7; et Ys v. le texte, 
yv l’épaisseur de l’enneigement en cm, 
H V’équivalent en eau de l’enneigement en mm, 
h neige en mm ou pluie en quantité minime n’entrainant pas 


avec elle l’affaissement de l’enneigement, aussi en mm 


Dans ce cas la répartition des valeurs de densité est particuligrement intéressante. 
En 1956 (23-26 II.), par exemple, la densité a été, dans les 77°% des cas, entre 
Y = 0,18 ety = 0,25. ly a eu a peine une ou deux valeurs (5 %) qui restaient en des- 
sous de 0,18 .Les 18% des cas dépassaient les 0,25, conformément a l’asymétrie. 
Ce résultat surprenant peut nous amener a faire plusieurs constatations. Notamment : 

L’enneigement composé de neige nouvellement tombée et dont la densité n’atteint 
pas le 0,18 ne peut étre considéré du point de vue de sa structure, comme durable; au 
moindre effet de la chaleur, il perd sa structure originale. 

L’enneigement dont la densité est comprise entre 0,18 et 0,25 est d'une structure 
relativement plus stable; a la premiere phase de la fonte, une grande majorité des 
cas se trouve dans ce domaine. C’est dans ce domaine, que nous avons fixé la valeur 
extréme inférieure aussi, caractérisant la fonte (yi). Le choix fut confirmé par le 
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calcul des probabilités exposées plus haut, puisque l’enneigement ayant la situation 
la plus stable et n’abandonnant rien de son eau se trouve, en effet, également dans 
ce. domaine. Au-dessus de la densité de 0,25, en conformité avec les différents effets 
de chaleur auxquels l’enneigement avait été exposé (des « recettes » de la radiation 
plus importante aux versants orientés vers le Sud), nous avons observé des valeurs 
de densité allant de 0,25 4 0,35. Le fait que le cercle des relevés s’élargit, est des plus 
naturels, puisque la valeur de densité Ys = 0,35-0,40, designant la limite supérieure 
de la fonte, est encore éloignée. 

Dans les phases ultérieures de la fonte, le coefficient a@asymétrie ne fait que 
diminuer; sa régression correspond au changement relativement lent qui s’opére 
dans la structure de l’enneigement, entre les densités de Y = 0,25 et y = 0,35, donc 
les effets thermiques, suscitant la fonte, peuvent se développer librement. 

A la derniére étape de la fonte, le coefficient d’asymétrie peut devenir négatif 
(observation en 1956, a la huitisme semaine des recherches : —0,032), conformément 
a la contrainte exercée par la valeur limite supérieure (que la densité ne peut pas 
dépasser de beaucoup). Le coefficient d’asymétrie négatif justifie la valeur limite 
supérieure établie a la base du calcul des probabilités. ; 

La valeur de la densité peut varier, pendant tout le processus de l’accumulation 
et de dégel, sur une trés large échelle, conformément 4 la situation climatique 
momentanée. Mais, a la naissance et a la disparition de l’enneigement, on peut 
observer des lois qui paraissent étre rigoureusement déterminées. Au moment ou 
la neige tombe, et peu aprés aussi, on ne peut constater que des différences minimes 
(la différence entre les valeurs de probabilités de 10 %, et de 90 % fut, 0,048 en 1954, 
a la premiére semaine des recherches, et seulement 0,033 en 1956, Tableau It), 
ce qui prouve la construction de structure uniforme de 1 *enneigement. Lors de sa dispari- 
tion définitive, 4 partir du moment ow s’établit Ys = 0,35-0,40, la variation des 
valeurs de la densité diminue ou, tout au moins, ne s’accroit plus. Dans ce fait, on 
peut voir une nouvelle justification de la valeur extréme supérieure. 

* 
EEK 

La connaissance des lois relatives aux changements de la densité de l’enneigement 
permet d’évaluer, d’une facon plus précise, son équivalent en eau, et de déterminer 
la quantité de la neige fondue. Grace a elle, il sera possible de développer d’avantage 
les recherches sur l’économie d’énergie thermique et de l’économie d’eau. Dans ces 
domaines, on a pu déja élaborer et introduire certains procédés, et contribuer a la 
solution de plusieurs problémes hydrologiques [*—11]. Ces lois ont été établies dans 
les conditions climatiques de la Hongrie et, en tout rigueur, elles ne sont valables 
que dans les cadres de ce pays. Nous espérons pourtant qu’elles pourraient étre 
utilisées, dans des conditions climatiques analogues, méme dans d’autres pays. 
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~FOREST-COVER EFFECTS 
ON SNOWPACK ACCUMULATION AND SNOW MELTING 
IN RELATION TO METEOROLOGICAL CONDITIONS 


V. V. RAKHMANOV 


SUMMARY 


The problem of forest influence on the accumulation and thawing of snow is 
a part of the problem of its role in water preservation. A correct understanding of 
this influence is necessary to study water regime of rivers and plan forest reclamation. 

The study of snow measuring data shows that the ratio of snow reserves 
accumulating by the end of winter in the forest and in the field depends not only 
on the character of forest plantations (composition, thickness, etc.) but also on 
meteorological conditions of winter. 

It is considered that water reserves in the snow cover of forests by the end of 
winter are usually less than in the field because some quantity of snow is kept by 
tree tops and evaporates. 

The data of parallel snow surveys at 89 hydrometeorological stations in the 
central European part of the USSR and partially in Western Siberia for the 1947-1954 
period lead to the conclusion that in more than 90 per cent of all cases snow reserves 
in the forest (in terms of water) by the end of winter exceed those in the field. An 
average difference between them is 18 per cent. 

But this difference is not constant; it changes from 5—10 to 20—25 per cent 
in according to meteorological conditions during the period of snow accumulation. 

The analysis of synoptical processes over the European part of the USSR shows 
that if winter is accompanied by cyclonic activity and frequent stormy weather changes, 
the snowreserves in the forest exceed those in the field still more. On the contrary, 
if there is a lingering weather of an anticyclonic nature, this difference decreases. 

The variation of a relation between forest and field snow reserves with allowance 
for temperature and precipitation variations in winter time is well effected even from 
snoW survey at separate stations, both in the West and in the East of the European 
territory of the USSR. From joint diagrams of snow and average diurnal (and 
maximum) positive temperatures of the air it can be seen that snow reserves in the 
forest relatively increase with the arrival of warmer weather. 

The comparison of air temperature variations and changes of water contents in 
snow permits to find the dependence between the difference of forest and field snow 
reserves and the sum of positive average daily temperatures for the period of snow 
accumulation. This difference between snow reserves rises with an increase of the 


and field snow reserves is explained by a longer detention of cold air in forests which 
hampers the snow thawing and decreases evaporation from thé snow surface. 
The same causes delay the spring thawing of snow in the forest where even in 


can vary from one or two days to several weeks. Consequently, not only the kind 
of plantations but also weather in winter determine the controlling influence of forests 


The account of these and other peculiarities of weather in the period of snow 


thawing provides for a forecast of a general development of high-floods in the rivers 
in forest regions. 


The question of forest influence on the formation of snow cover and snow melting 
is an important problem of human activity, of the water conservation. The correct 
understanding of these effects is necassary for planning different measures in forestry. 
agriculture and for improving hydrological regime of rivers, 
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For a long time snow was considered to accumulate more in forests than in 
open areas, including fields. This opinion was based on the notion of snow cover 
height which in forests is usually known to be higher than in fields. 

However, when snow-surveys have been begun, including the measurement of 
height, density in the open areas and in forests, it was discovered that the water content 
of snow in forests is sometimes smaller than that of the open areas. In the 80-s of 
the last century the first to make parallel (synchronized) snow-surveys near Moscow 
was Tursky. His surveys showed that by march there accumulates more snow in 
the open areas than in the forests under the trees; in dense forests there accumulates 
less snow than in thin forests and in coniferous forests —less than in deciduous 
forests. Tursky explained it by the fact that during snowfall in forests much snow 
remains on the branches of the trees. The results of his investigations were highly 
appreciated by Voeykov, a well-known climatologyst and an initiator of the snow 
cover study. 

Subsequently snow-surveys came to be carried on in other countries where 
snow-cover plays a substantial part of the river water balance. However, the results 
of these snow-surveys were contradictory. While some of them confirmed the opinion 
of a smaller snow accumulation in forests the others, on the contrary, showed that 
in forests by the end of winter there accumulates more snow than in fields. Finally, 
there have been obtained a great number of data, according to which snowpack accu- 
mulation in the open areas are larger than in coniferous forests and less than in 
deciduous and mixed forests. 

One of the reasons of these contradictions lays, probably, in different methods 
of snow-surveys. However, to our opinion this is not the main reason. The thing is 
that the above conclusions were drawn from snow-survey data which were carried 
on not only in different afforestations, various in composition, volume, age and 
other characteristics, but also in different places and in different years, that is, in 
different meteorological conditions. 

Many scientists (3, 5, 10, 12) who studied snow and snow cover have already 
paid an attention to the influence of meteorological conditions on the snow accumu- 
lation of forests. However. the regularity of this accumumlation under various meteoro- 
logical conditions is still poorly known. 

The paper gives the results of investigations of snow-survey data which were 
carried in on forests and fields in the period of 8-10 years at 89 hydrological stations 
of middle belt of the European territory of the USSR and some stations of the 
Western Siberia. The investigation does not include the data of those stations where 
the results of snow-surveys were distorted by wrong location of snow-surveying 
plots (in the border of forests, in the places of intense snow blowing). 

The forest-cover effects on snowpack accumulation were revealed by comparison 
of water content in forest snow-cover with that in the fields. For this purpose the 
term of forest snow-storage coefficient K was introduced meaning the relation of snow 
water storage in forests to water storage of adjacent field or other non-afforested 
area. When the water storage of snow in forests and in fields is the same (for short, 
they will by called snow-storage), the snow-storage coefficient is equal to 1. 

Table I gives the mean snow-storage coefficients in forests which were calculated 
for the dates of maximum snowpack accumulation for the two regions: Western 
region, including Byelorussian SSR and Western areas of the RSFSR, and Eastern 
region, including the Ural and adjacent areas of the European territory of the USSR, 
and partly of the Western Syberia. The Western region is characterized by unsteady 
winter with frequent thaw, which causes sharp changes of snow-storage. On the con- 
trary, the Eastern region has continental climate with cold winter and stable snow 


cover. 
As it is seen from the table, mean coefficients of snow-storage in forests in the 
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Western as well as in the Eastern regions are approximately equal, in spite of different 
climatic conditions. It may be considered that in winter in the forests of the Western 
and Eastern parts of the European territory of the USSR the snow accumulation 
is 18 per cent more than in fields and other open areas. The number of occurrences 
when the snow storage of forests was less than that of fields amounts in the Western 
area to 12.7 per cent, and in the Eastern area — to 4.5 per cent. Attention must 
be paid to the slight unsteadiness of snow-storage coefficients that is confirmed 
by small variation of coefficients in the both regions. 


TABLE I 
; 

Number Number Snow-storage coefficient Variation Number of 
of of coefficient points where 

Regions points year average minim. maxim. of snow- Kea 

stations storage 

coefficient number per 
cent 
Western 63 281 1.18 0.88 1.63 0.18 8 12.7 
Eastern 26 136 1.18 0.95 1.41 0.10 1 4.5 


So the numerous data of snow-surveys show that in winter the forests favour 
the accumulation of great amount of water in snow in comparison with open areas 
in the Western areas with unsteady snow cover, as well as in the Eastern areas, where 
snow cover is less subjected to thaws. 

The character of afforestation is known to influence greatly the snow accumu- 
lation. From the same snow-surveys it is ascertained that in the deciduous forests, 
as well as in the mixed forests with a great number of deciduous species the average 
coefficient of snowstorage in the Western region amounts to 1,35, and in the Eastern — 
to 1.27. In the coniferous forests it is correspondingly equal to 1.12 and 1.08. It 
means that in winter period the volume of water in snow in the deciduous forest 
averages 27-35 per cent more that in the open plots, Undoubtedly, some thick forests, 
firgroves, for instance. may contain less snow than field .The given ciphers refer mainly 
to all the forests, covering river basins because the points of Snow-surveys are set 
in the forests, typical for the location of hydrometeorological stations. 

The obtained results can be applied to other parts of the European territory 
of the country and it is proved by the investiagations of the snow cover in the Northern 
region. (7). 

Hence, it follows that while calculating the run-off volume on basin territory 
it must be taken into consideration not only the whole area of forests in the catchment 
area, but also its distribution, according to the kind of forests. 

However, the snow accumulation in the forrests depends not only on the 
character of afforestation, but, as is already mentioned, also on the meteorological 
conditions, in other words — on the weather course during winter season. The calcu- 
lation of the means snow storage coefficients for all points of each region, shows 
that they are not constant, but vary from year to year, remaining, 
than 1. (Table I). This means that in our meteorological condition 
the calculation of many years, as well as se 
snow in all the forests than in the fields. 


however, more 
S according to 
parate years, there accumulates more 
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TABLE II 


Mean snow storage cofficient variation in the forests with each year: 


Years 
Regions Means 
1945 1946 1947 1948 1949 1950 195] 1952 1953 
1946 1947 1948 1949 1950 1951 1952 1953 1954 


Western — Sa 6 oll 2a ILRI III A Silt SUSIE TA ile aL aS) 
Eastern Kelle © WSs Lee ll ilk TES aS TE. Taree A Sigs 


The table II shows that the snow-storage coefficient in forest varies with each 
year. In some years it equals 1.08-1.12, in others it grows to 1.22-1.23. While, some- 
times, the snow-storage in forests exceeds the snow-storages in fields only by 10 percent, 
in other years it almost reaches 25 per cent. In the latter case the role of forests in 
the formation of water regime considerably increases. 

The analysis of the synoptic processes in the winter periods of 1947-1954 shows 
that the snow-storage coefficients reach the greatest value in winters characterized 
by the most active cyclonic activity and, consequently, by the frequent changes of 
weather in the period of snow accumulation. Such processes prevailed over the whole 
European territory of the USSR during the winters of 1947-48, 1950-1951, 1951- 
1952. In the winters of 1946-47, 1952-53 and 1953-54 the predominance of cyclonic 
activity was observed in the Western part of the country, while cold weather of 
anticyclonic character prevailed over the eastern part. The winters of 1948-49 
and 1949-50 were characterized by weakened cyclonic activity almost over the whole 
European territory of the USSR, and snow-storage coefficients for these years were 
not large in the both regions as well as the centre of the European territory of the 
USSR which here is not considered. 

Hence, during the winters with active cyclonic activity, when frequent changes 
of weather are observed, the fall of temperature is followed by its rise, leading in 
the western regions to thaws; snow storage in forests appear to be relatively greater 
in comparison with the open areas, than during the winters with relatively stable 
cold weather. 

The relationship of snowpack accumulation in forests and the meteorological 
conditions in winter can be well traced from the snow-surveying data of separate 
stations. The fig. I gives the combined graphs of snow-storage variation in mm of 
water layer in fields and in forests and also of the mean diurnal air temperature and 
precipitation variation in 1952-53 at the hydrometeorological stations of Vassilevichi, 
Byelorussian SSR, and Shumikha, Kurgan region. 

It is seen from the graphs that at the beginning of snow cover settling the snow 
storage in forests enlarges quicker than in the fields. Maximum winter correlation 
of forest and field snow-storages is usually fixed by the end of the winter when the 
fields accumulate the greatest volume of snow. In the period of spring snow-melting 
the correlation of snow storages enlarges still more, but it will be considered later. 

Comparing the course of snow accumulation with the course of air temperature 
it is seen that the difference between the volume of snow storage in forests and fields 
grows mainly in the periods when the mean diurnal temperatures have positive meanings 
grows mainly in the periods when the mean diurnal temperatures have positive 
meanings or when it approaches 0°, which is characteristic to the Eastern regions. 
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Fig. 1 -— The graphs of water storage variations (in mm) in snow cover in forests 
and in fields, of mean diurnal air temperature and of precipitation in 1952/53, 


on the hydrometeorological stations of Vassilevichi (Byelorussian SSR) and 
Shumikha (Kurganski region). Water storage in snow cover : 
in fields." in forests, 


ee eee on the forest clearings. Ciphers 
of the temperature graph — the temperature at 1,00 p.m. 


This means that in clear sunny weather, frequent in these regions, the daily tempera- 


tures become positive. When the air temperature rises the snowpack acc 
in fields decreases or increases slower than in fore 


snowfalls accompanied by snow melting. Finally, 
accumulation in forests appear to be greater t 


is characteristic of the Western, as well as the Eastern, regions. Thus, separate station 
can well show the relationship of snow-storage correlation variation of forests and 
fields with the variation of the winter meteorological conditions, that is, with the 
rise of air temperature. The more frequent the rises of air temperature are, the more 
the snow storages in forests increase, which is revealed in the growth of snow-storage 


coefficients. These conclusions, drawn from the data of separate stations, fully agree 
with the above conclusions, drawn from the analysis of mean snow-storage coeffi- 
cients variations in regions. 


umulation 
sts, which is seen during abundant 


by the end of the winter the snowpack 
han in fields or in open areas. This 


But if there is a relationship between relative snow storage 
rising of air temperature there must inevitably exist a relationship be 
storage coefficients or the difference of absolute snow-storage volu 
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increase and the 
tween the snow- 
me in snow, on 


son hand, and the values of positive temperatures or their sums for the period of 
snow accumulation on the the other hand. In reality it is this relationship that is 
observed in nature. The most simple kind of this relationship is given on the fig. 2, 
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Fig. 2 — The graph of relationship bétween water-storage coefficients in forests 


Vv 
Ge) and the sum of mean diurnal positive air temperatures for the period 


of snow accumulation ( Xr? + ) on the hydrometeorological station of 
Vissilevichi (Byelorussian SSR). 


where a graph of relationship between snow-storage coefficients in forests and the 
sum of mean diurnal positive air temperatures at the hydrometeorological station of 
Vassilevichi (Byelorussian SSR) is shown. At this station the plots of snow surveys 
are in fields and in beech-hornbeam forests of mean thickness. The graph clearly 
shows that with the increasing of the sum of mean diurnal positive air temperatures 
in the period of snow accumulation, the snow-storage coefficient increases. In stable 
cold winter, when positive temperature sums are very small, snow storage in forests 
approache the snow storage in fields, and snow-storage coefficient decreases to the 
values close to 1. 

Analogous relationship can be traced at many stations also between the snow- 
storage coefficients and the sums of daily positive air temperatures, for instance, 
the temperatures at 13 hours. Such relationships allow roughly to determine the 
snow-storage correlation in the forests and in the fields by the end of winter, basing 
on the sum of positive temperatures for the previous winter period. However, these 
relations are true only under definite conditions. In the time of intense thaws, when 
snow in forests melts completely away, they cannot be used: snow-storage coefficients 
increase to infinity. Therefore, it would be more correct to use the difference of 
absolute values. of snow storage in forests and fields instead of the coefficients; at 
that there are the same relationships that are shown on the fig. 2, however they 
can be applied for all conditions of snowpack accumulation. 

In order to understand the dynamics of the formation of snowpack accumu- 
lation in forests, relatively Jarger than that in fields, let us assume that snow 
accumulation is taking place under stable cold weather with negative teniperatures, 
much lower than 0°. If the snow cover is not disturbed by snow transmissions 
(snowstorms), there must accumulate by such weather less snow in forests than 
in fields, because some portion of snow stays on the tree crowns and then some 
of it evaporates. In such weather the volume of condensed or «horizontal» precipi- 
fation is small. The snow keeping influence of the tree crowns is mostly seen in thick 
orests, especially in fir-groves (°). 
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However, snow cover formation usuall: develops under unstable weather condi- 
tions, which are characterized by cyclonic activity on this or that territory. Cold 
weather, usual for winter, is followed from time to time by more warm winter, and 
sometimes (in the Western regions) by thaws, when snow begins to melt. It means 
that periodically some territory comes under the influence of cold or warm air masses. 
But various plots of the area are occupied by these air masses irregularly. When 
the weather changes from cold to warm, cold air recedes first of all from open. plots 
and stays longer in forests. The approaching warm air, as more light one, does not 
eject cold air out of the forest but glides above. The weather being less windy, cold 
air remains in forests for longer period of time, depending on thickness and 
territory of the forests. This phenomenon is confirmed by low wind speed in forests. 
On the contrary, when the weather changes from warm to cold, the approaching cold 
air which is heavier, fills up the forest plots rather quickly. Warm air remains in 
forests only for a short period of time. Averagely during winter it is more cold in 
forests than in open areas, which is confirmed by temperature measures. This is shown 
by Tolsky (14), Miitrich (45) and others and is confirmed by the investigations of 
subsequent years, the summary of which is given by Nesterov (*) and Kittredge Cc): 

Thus, open areas are subjected to warm air effect more than afforested plots. 
Therefore, during winter, snow decreasing in open areas is greater than in forests 
and as a result of this at the end of the winter snowpack accumulation in forests 
appeare to be larger than in fields, meadows and other open areas, in spite of the 
fact that some portion of snow stays on the crowns of trees. 

At first this phenomenon can be explained by more intense snow melting in 
Open areas during thaws. It is seen in the Western regions of our country. But this 
explanation cannot be applied to the Eastern regions where thaws are very rare 
and so insignificant that snow melting dives only small quantity of water, absorbed 
by snow cover and water return in to the ground is often absent. Here takes place 
irregularity of snow evaporation in fields and forests. 

In forests under the conditions of low air temperatures and wind calm, the 
evaporation of snow is less than in fields and this causes larger snow accumulation 
by the end of winter. Even in so damp countries, as Germany is, after Miiller- 
Delisch (**) the evaporation of snow in winter in. the forests is 35-40 mm less than in 
open areas. 

Generally in winter evaporation measurements of snow surface encounters some 
methodic resistance, especially durnig snowfalls and snow storms. However, there 
are some reasons to believe that especially during snow storms, when the smallest 
snow particles rise into the air, the evaporation may considerably increase. 

It is necessary to take into account that in winter snow intensively evaporates 
from tree crowns, which detain snow during snowfalls. 


If the snow is not shaked off the trees by violent winds, the considerable part 
of it inevitably evaporates and is lost for the snow storage. This can be observed 


in the cases when during snow stroms and long after them warm weather with weak 
winds sets in. 


It appears that such cases must be taken into consideration while determining 
the relationship between the difference of snow Storage in forests and in fields and 
the sum of positive air temperatures for the period of snow accumulation. 


The sum of positive temperatures should include only those temperatures which 
were observed in the periods of small amount of snow as well as in the periods of 
intense snowfall and strong winds which cause shaking the snow of the tree crowns. 
Fig. 3 shows the relationship between snow storage difference in forests and fields 


and the sum of the positive air temperatures at 13 houres at the same station, Vassi- 
levichi, Byelorussian SSR. 
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Fig. 3 — The graph of relationship between snow storage difference in forests and 


in fields (AHmm) and the sum of positive air temperatures at 1,00 p.m. for the 
period of snow accumulation (ar +) on the hydrometeorological station 


of Vassilevichi (Byelorussian SSR). 


Calculating the sum of positive temperatures at 13 houres we excluded positive 
temperatures for those ten snowy days (with precipitation exceeding 10 mm) when 
mean diurnal wind speed was less than 5 m/sec. On the contrary, positive temperatures 
for ten days, when it was snowing fast, but when mean diurnal wind speed was 
more than 5 m/sec, were included in the sum. As a result, there appeared to be definite 
relationship between snow storage difference in forests and fields and the sum of posi- 


tive temperatures. 
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Fig. 4 — The graph of relationship between snow-storage difference in forests 
and in fields (AH mm) and the sum of positive air temperatures at 1,00 p.m. 


for the period of snow accumulation (a? +) on the run-off station of 


Bolshoe Sareevo (Moscow region). 
IN) 


It may probably be more definite if one consideres not the mean diurnal but 
maximum wind speed. Besides, in further investigations, the criteria of « much snow» 
for this or that period are to be defined more exactly. 

Analoguously there have been calculated the sum of positive air temperatures 
for other points of the country. Almost everywhere can be observed more definite 
relationship between snow-storage difference in forests and fields and the sum of 
positive temperatures for the period of snow accumulations. Fig. 4 gives such relation- 
ship for snow surveying 12 plots (7 field plots and 5 forest plots) of the run-off 
stations of Bolshoe Sareevo, situated near Moscow. Forest snow-surveying plots 
are situated in deciduous (birch) and mixed forests consisting of coniferous (fir, pine) 
and deciduous (birch, asp) species. : 

These dependencies stress once again the fact that relative growth of snow storage 
in forests is connected with the rise of temperature in winter. They enable to calculate 
snow storage in forests on the basis of field snow-surveys and observations of 
temperature during winter. These relationships once more acertain that the relative 
increase of snow accumulation in forests is caused by high temperatures during winter 
period. 

Relatively greater snow accumulation in forests is porbably caused by the 
«horizontal» precipitation as well which, according to some investigations (2; 11, 18), 
may reach considerable size (6-10 per cent and more) especially in mountain areas. 
But during unstable weather this kind of precipitation also increases. Therefore 
the relationship between snow accumulation in forests and weather conditions can 
be somehow explained by «horizontal» precipitation . 

Such are the pecularities of forest influence on snow accumulation during winter 
period when snow storage accumulation prevails over snow melting. 

In spring period forests greatly effect the cause of the winter snowpack melding. 
In the majority of cases snow in firests melts slower than in fields and the melting 
of snow cover continues for a long time. Snow-storage coefficients greatly increase. 

One of the main reasons of this is to be the weakening of direct solar radiation 
in forests due to overshading, which diminishes the enlightment of snow cover. 

For instance, Kusmin’s investigations (*) have shown that firgroves of mean 
thickness weaken solar radiation to 2-3 times. The observation of the run-off stations 
of Bolshoe Sareevo show that thick mixed forests weaken solar radiation in some 
degree. The effect of solar radiation becomes less in thick forests with young trees 
and underwood. However, in decidious forests where leaves are shedded in winter 
it is higher than in coniferous forests but less than in fields. 

The weakening of direct solar radiation in forests becomes apparent only in 
clear sunny weather while in warm cloudy weather its influence naturally is not 
great. Delay of spring snow melting in forests can be observed in dull weather of 
cyclonic type as well. So, there is one more reason of delayed snow melting in forests. 
From our view point it is the same reason, which explains the greater snow acccu- 
mulation in forests during winter period, that is, the detain of cold air by forests, 
especially in the surface layer, where in the presence of young forests and underwood, 
calm and very low wind speeds prevail. Mass measurements of air temperatures in 
forests and fields which were conducted in different countries at forest meteorological 
stations show that in general during snow melting period forest air is 0.5-1.5 and more 
colder than the air of open plots. 

From the view point of forest influence on the river regime during spring 
floods it is important not only the fact of slower snow melting in forests and the 
delay as a result of snow fading in woodlands. It is important that this delay can 
vary in different conditions. It explains different durations of snow melting in 
forests and fields. For instance, in 1948 at the run-off stations of Bolshoe Sareevo 
snow in the forests faded 4 days later than in the fields. in 1949-7 days later, in 


218 


1947-18 days later and in 1950-11 days later. The same can be observed at other 
stations. It is clear, that the more snow melting in forests detains from that in fields, 
the more water-regulation influence of forests can be observed. 

The duration of the period between the dates of snow fading does not depend 
on the total volume of snowpack accumulation but is connected with the snowpack 
storage correlation in forests and in fields (snow-pack coefficient), which is set in 
by the end of snow accumulation period. 

However the course of weather plays more inportant part in the detain of snow 
melting in forests in comparison with fields. The earlier (8) analysis of cynoptic 
conditions in various years in the central regions of the European territory of the 
USSR shows that the largest delay of snow melting and snow fading in forests com- 
paring with that in the fields is observed in the years with unstable weather caused 
by periodic passing of the cyclones and crest series. Such was the year of 1947, when 
warm cloudy weather was followed by the fall of temperature, caused by cold air 
intrusion. In the central regions snow in fields averagely melted away for the period 
of 11 days and in forests, where snowpack accuniulation was 15-20 per cent more 
and where cold air stayed longer snow melting continued for the period of 29 days. 

Slow snow accumulation in forests was favoured by cold weather which lasted 
for some time after the snow melting. Due to the course of melting, the flood of the 
Moscow-river expected to be in 1947 very high, was divided into two peaks and 
ended without great floods. (fig. 5). 

This year water-regulation influence of forest showed itself with maximum in 
the basin of the Moscow-river. 
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Fig. 5 — The hydrographs of Moscow-river flood by Zvenigorod in 1947, 1948. 


Bassin area — 5000 km?. 
Afforestation — 37 per cent. 
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To the North and North-East from Moscow, in the same 1947, snow melting 
began later but, as a result of high temperature, it continued from April 15 without 


intervals and with the same intensity in forests and in fields. The excess of snowpack 
accumulation in forests over that in fields averaged not more than 10 per cent. 
Due to the simultaneous melting, the delay of snow fading even in coniferous (pine- 
fir) forests was only 2-3 days. It caused very high flood on rivers, including rivers 
with afforested basins. This is seen on Kostroma-river, the basin of which is afforested 
on 67 percent. (fig. 6). 
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Fig. 6 — The hydrographs of Kostroma-river flood by the town.of Bui in 1947, 1948. 
Basin area — 8870 km?. 


Afforestation — 67 per cent. 
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So in 1947 the forests of the Northern and Eastern regions have not been such 
wateriegulation factors. 

Quite another was the cause of snow melting in 1948. By the april of that year 
a steady anticyclone was formed over many regions of the European territory of the 
USSR; in the central regions cloudless windless weather set in; the air warmed 
quickly, in the day time the temperature reached 10° C. The snow melting was caused 
by warm air, as well as direct solar radiation. Snow melting intensity in deciduous 
and mixed forests differs little from that in fields. Therefore, snow melted swiftly 
over the whole area of river basins. As a result, melted snow streamed down simul- 
taneously from all basin plots in forests and in fields. This led to very high floods 
on some rivers: the Moscow-river, for instance (fig. 5), where it was higher than in 
1947, although in 1948 snow storage of the basin was smaller. 
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As in the Eastern regions, in 1948, the air warmed slower, which was connected 
with inflow of cold air along the North-Eastern part of the anticyclone, snow melting 
was not so simultaneous. Snow fading in forests delayed on 8-10 days from snow 
fading in fields. This caused the reduction of maximums and the formation of the 
second wave of the flood on rivers (fig. 6). 

The mentioned examples clearly show that in some cases forests regulate greatly 
the run-off in the period of flood, depending on the character of the weather in the 
period of spring snow melting, in other cases water regulating influence of forests 
is not so great. 

Thus, the well-known statement that forests detain snow cover melting under 
various weather conditions justifies itself differently. Therefore, in practice, consi- 
dering the forest cover effect on the river water regime, it is necessary to take into 
consideration the area and character of the forest in the basin, as well as the general 
course of weather on the given territory in winter and in spring in the snow-melting 
period. 
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UN DEMI-SIECLE D’OBSERVATIONS 
A L’ECHELLE NIVOMETRIQUE DE L’EIGER 


(Alpes bernoises; 
station « Eismeer » du Chemin de Fer de la Jungfrau, 3160 m) 


le Dr. PAUL-L. MERCANTON, prof. hon. 


Lorsqu’en 1891 F.-A. Forel donna 4a la glaciologie son célébre « Rapport sur 
les variations périodiques des Glaciers des Alpes Suisses » premier terme d’une série 
annuelle arrivée aujourd’hui et sans lacune a son 77™¢ numéro, le génial précurseur 
savait pertinemment que le contréle des avances et des reculs frontaux du glacier 
ne saurait suffire. Il imposait celui des fluctuations de l’enneigement des hautes 
régions nourriciéres de la nappe fluente des glaces. Mais, en ce temps-la encore, 
Alpe demeurait quasi fermée a l’homme; seuls s’y aventuraient quelques intrépides 
chasseurs, quelques grimpeurs de trempe exceptionnelle et, inais moins haut, bdcherons 
et forestiers. 

La fréquence et les dégats des avalanches renseignaient incidemment sur le 
degré d’imporatnce de i’enneigement hivernal. Toute visite des hauteurs se faisait 
a pied en fpulant la neige, avec un équipement insuffisant, des abris rares et précaires 
et, en cas de malheur, sans secours assurés. II faut attendre l’aurore du XX®me siacle 
et l'avénement du ski pour que la montagne s’ouvre a Valpinisme, avec la multi- 
plication des refuges, l’amélioration de I’équipement individuel et l’enrichissement 
technique et des moyens de transport. Néammoins Forel s’était bientdt préoccupé 
de doter la région du névé d’un mode de contréle de son enneigement. Dans son 
XJéme Rapport (1890) déja il proposa ’établissement, en bordure du collecteur gla- 
ciaire, aussi en amont que possible de la limite du névé, d’échelles nivométriques. 
ou «nivométre ». Ce dispositif serait un échelonnement de traits horizontaux, équi- 
distants, peints en couleur vive et indélébile, au flanc d’une paroi aussi verticale 
que possible et jusqu’a la neige, sur le parcours habituel des alpinistes et bien 
visible, de loin déja. Les divisions, distantes d’un demi-métre par ex., seraient 
numérotées de bas en haut a partir d’un zéro fictif et censé étre déja enneigé au-dessous 
du minimum nival; ceci pour retarder le plus longtemps possible la mise hors service 
du nivométre en cas de déchaussement par diminution du glacier. Le touriste serait 


prié de lire le numéro du trait émergeant de la neige et de.la consigner avec la date — 


au livre de la cabine la plus proche, ou de le communiquer directement et le plus tét 
possible a qui de droit. 

Forel dut attendre plus de douze ans la premiére réalisatien de son idée en 
Suisse. En 1902 seulement, j’eus le privilege d’établir un premier nivométre, peint 
au minium, en traits espacés d’un demi-métre, immédiatement sous le col d’Orny, 
sur le chemin, alors trés fréquenté, amenant au grand plateau glaciaire du Trient 
et a 3100 m. d’altitude. Cette échelle a fourni durant la belle saison de précieuses 
données. Les difficultés de sa visite en hiver n’ont guére permis de recueillir des ren- 
seignements sur le maximum d’enneigement printanier, jusqu’au moment ot d’un 
avion de chasse passant en rase-mottes devant le rocher, j’ai pu obtenir par la photo- 
graphie quelques valeurs précieuses de ce maximum. Malheureusement. la déglaci- 
ation progressive de nos Alpes a mis le nivométre d’Orny hors service vers 1932. 
Il faut bien dire ici que la contribution escomptée des touristes a l’observation de 
ce nivométre a été absolument misérable. Heureusement j’ai pu compter sur le zéle 
des gardiens des cabanes d’Orny et Dupuis. 


pupap 


Un nivométre établi en 1925 prés de la cabane Bertolles (Val d’Hérens), par 
Mr. A. Renaud n’a, pour la méme raison, fait qu’un trop bref service. Il en a été 
autrement du nivoméetre que j’ai peint en 1907 a 3030 m. d’altitude, a la paroi domi- 
nant le glacier des Diablerets. [1 a été observé année apres année par Feu Ernest 
Reber, au cours d’un millier d’ascensions: ses fils continuent a le surveiller. Malheu- 
reusement, sa graduation n’ayant pu étre poussée assez haut, l’enneigement annuel 
n’a guére été convenablement déterminé. 

Les conditions d’établissement et d’utilisation du nivométre sous ta station 
« Eismeer » du Chemin de Fer de la Jungfrau ont été inflniment plus satisfaisants 
et je lui consacrerai ici la mention qu’il mérite. Préalablement toutefois signalons 
qu'un ensemble de cing nivométres a été établi tout autour de la Concordia pour 
Pétude hydraulique du bassin de l’Aletsch par le Service fédéral des Eaux (Lutschg) 
cet ensemble a servi de 1912 4 1923 seulement. 

Grace a l’appui éclairé et dés lors indéfectible de la Cie du Chemin de Fer de la 
Jungfrau et de son directeur d’alors, le Dr. Liechti, j’ai pu établir, le 3 octobre 1906, 
a la station « Eismeer », a l’époque téte de ligne, une échelle nivométrique de grand 
développement et vraiment rationnelle. La station, creusée dans une roche compacte 
(malm), dune paroi abrupte (environ 55°) dominant le Grindelwalderviescherfirn, 
affluent du Grand Glacier Inférieur du Grindelwald. prend jour vers l’Est par de 
grandes baies. L’une d’elles dominait une sortie aménagée une quarantaine de métres 
au-dessous du niveau du névé. Déhalé sur une sellette, pot de minium et pinceau 
en mains, j’ai réussi a tracer sur la roche lisse une graduation en degrés d’un demi- 
metre et numétoré de bas en haut jusqu’au névé, alors A son minimum et affleurant 
le degré 3, au-dessus du zéro nivométrique, dont la cote est 3118 m. sur mer. 


Constamment surveillé et tenu en bon état, prolongé au besoin par le personnel 
du Chemin de Fer, avec une ponctualité et un dévouement dignes de tout éloge et 
que nous en remercions chaleureusement ici, le nivométre de l’Eismeer a fourni 2 
la glaciologie une série eininterrompue — malgré deuxg uerres de données uniques 
en leur genre sur le rythme de |’enneigment et du déneigement d’uncollecteur glaciaire 
dans son encaissement rocheux, a quelque 300 m. en amont de la limite du névé. 
Force est de ne donner qu’ici un résumé cinquantenaire des milliers de lectures faites. 
Le voici, limité aux seuls extrémes de |’enneigement, minimum et maximum en degrés: 
Péchelle (2 degrés = 1 métre), minimum moyen 11, compris entre —6 et +26 degrés, 


La date moyenne minimum a été le 22 septembre, entre les époques extrémes : 
30 juillet et 28 novembre. 

Pour lenneigement maximum annuel on a: maximum moyen 48 degrés dans 
les limites 32 et 78 degrés; le maximum est intervenu en moyenne le 25 mars, entre 
les époques extrémes 9 janvier et 26 mai. 


Le bilan cinquantenaire du nivométre de l’Eiger — Eismeer se présente ainsi 
pour la période entiére 1906/1956 (SO ans) et en meétres : 


somme des enneigements annuels : 996,5 m. 
somme des déneigements annuels : 990 m. 


soit 6,5 m. au profit de l’accumulation au haut du collecteur de l’affluent W du 
Glacier Inf. du Grindelwald, dont l’apport au front a travers le chenal Eiger— 
Mettemberg égale celui de l’affluent Est, venant du Schreckhorn, pius étendu. Nous 
connaissons des variations de longueur de ce complexe glaciaire durant le méme 
demi-siécle aussi. Il convenait donc de rechercher 1|’éventuelle corrélation entre 
la série nivométrique de l’Eismeer et le comportement, contemporain, du front, 
d’autant plus que la premiére moitié du demi-siécle en cause a vu le glacier réagir 
a la courte phase de crue, assez générale chez nous, étre 1913-et 1924,. 

De 1906 a 1933 le front du Glacier Inférieur a subi des alternances de crue et 


223 


de décrue, cette derniére l’°emportant toutefois par une crue globale de 675 m. De 
1934 a 1956 le retrait a été au contraire continu, atteignant ainsi 4130. 
Pour le nivométre on avait eu les bilans d’enneigement et de déneigement suivants 
(totaux) : 
1906/1933 (27 ans) + 9,5 m. 
1934/1956 (23 ans) — 3 m. 


Si donc le bilan cinquantenaire est positif encore, par +6,5 m. a la naissance 
amont du collecteur glaciaire, c’est a la permiére période qu’il le doit ; la deuxiéme 
ayant été déficitaire en méme temps que le retrait du front dissipateur s’affirmait 
fortement. 

Une remarque encore en terminant. L’accumulation hivernale des neiges au 
pied du nivométre doit provoquer un accroissement de l’écoulement du névé a cette 
époque de l’année. J’en ai recherché les indices dans les données du nivométre sans 
parvenir a avérer nettement cet effet plausible, lequel ne peut que réduire le chiffre 
nivométrique. Une telle échelle ne peut donc pas remplacer une balise érigée dans 
le névé et prolongée au fur et 4 mesure de son enfouissement. 

Le nivométre n’a pas éveillé assez d’intérét de la part des alpinistes pour engager 
a multiplier un dispositif qui n’exigeait pourtant qu’un minimum de frais d’éta- 
blissement et d’entretien. Notre espoir a été décu et la nivométrie secondée au- 
jourd’hui par des moyens de transport et de séjour en hautes régions, toujours plus 
efficaces et abondants, mais surtout organisé pour un travail continu d’équipes de 
spécialistes rémunérés, est entrée dans une phase nouvelle qui relégue nos vieilles 
expériences dans l’histoire de l’exploration alpine. Il convenait pourtant de ne pas 
laisser se perdre les quelques résultats obtenus dans I’enfance de la nivométrie. 

On trouvera tous les détails sur les nivométres cités plus haut et leurs données 
dans la série des « Rapports Forel », parus annuellement, d’abord dans le « Jahrbuch » 
du Club Alpin Suisse, puis dans la revue « Les Alpes », leur suite. 


224 


ON METAMORPHISM AND HARDENING OF SNOW 
UNDER CONSTANT PRESSURE 
AND TEMPERATURE GRADIENT 


M. R. DE QUERVAIN 
Swiss Snow and Avalanche Research Institute Weissflukjoch/Dayos 


ABSTRACT 


The different development of a fresh snow layer under a heavy or light load of 
superimposed snow is well known. It is also known that the change of the structure 
and in particular the development of strenght is the result of a combined action of 
pressure, temperature gradient and temperature. The formation of certain types of 
avalanches is greatly related to this phenomenon, as well as the behaviour of com- 
pacted snow banks and underlying strata. In a simple set of experiments carried 
out in the laboratory, it is snown how certain properties of snow change with time, 
when kept under various conditions of pressure and temperature. 


1. THE PROBLEM 


Observations taken outdoors in a great number of snow profiles and over many 
years have already given important qualitative reference on the general behaviour 
of snow under various temperature and stress conditions. However, it is rather diffi- 
cult to draw quantitative conclusions, since natural conditions are variable and 
mingled with other factors such as wind and radiation. Therefore a set of snow samples 
was subjected in the laboratory to well defined tempeartures, temperature gradients 
and loads with the special aim to study the metamorphism of the snow crystals and 
the hardening of the material as functions of ihese basic factors. 

To illustrate the importance of the problem an example for the natural develop- 
ment of snow shall be presented first. In the winter 1950/51 — the catastrophic ava- 
lanche winter of the Alps —a series of snow profiles were taken at Weissfluhjoch 
at regular intervals (Fig. 1). In this graph snow depth is plotted against time and 
hardness, snow temperature and snow structure against snow depth. From mid 
November to mid January the snow depth remained at about 100 cm. Then there 
was a sudden increase by about 150 cm within several days. During the first period 
the hardness of the superficial layer, as measured by a cone penetrometer was low 
and increased only slightly after the fresh snow had imposed an additional load 
of about 300 kg/m?, whereas the new snow itself reached the highest hardness ever 
measured in dry snow at Weissfluhjoch (250 kg). Already in January the old snow 
was composed of medium sized, sharp edged grains and represented a high degree 
of metamorphism. Obviously the fresh fluffy snow was much more susceptible to 
compaction than the old coarse granular material. Furthermore it seems that tempe- 
rature and temperature gradient govern the process of solidification together with 
stress and time. In the early winter the gradients had been considerably higher than 
after the heavy snow fall. A more impressive story than by hardness figures and 
crystal sizes is told by the fact that several days after the snow fall had ceased the 
enormous snow cover was safer than ever before and did not produce any further 
avalanches. This behaviour must widely be based on the processes which are the 
subjects of this paper. An other related problem of a certain practical importance 
is snow compaction on roads and runways. 
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2. ARRANGEMENT OF THE EXPERIMENTS 


Fresh snow was sieved into 12 wooden boxes (Fig. 2) and stored during 40 days 
under the following conditions: 

Boxes No. | to 3: temperature constant —S5°C, vertical unit loads (without 
own weight of snow) 4 kg/m?2, 160 kg/m?, 400 kg/m?. 

Boxes No. 4 to 7: temperature constant —13°C, vertical loads same as menti- 
oned above. Box 6 with plastic foils inserted at four levels. 

Boxes No. 8 and 9: vertical temperature gradient of 0.18°C/cm with bottom 
at about —4° and surface at about —6°. Vertical loads 4 kg/m?, 160 kg/m2?. 

Boxes No. 10 to 12: Vertical temperature gradient of 0.70°C/cm with bottom 
at about —1°C and surface at about —8°C. Vertical loads same as mentioned. 
Box 12 with plastic foils inserted at four levels. 

Details may be taken from Table 1 (left side) and Fig. 2. Fig. 3 shows one box 
and the electrical equipment. 
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Fig. 2 — Experiment No. 12. Cross section of box. 
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The temperature gradients in samples 8 to 12 were produced by electrical heating 
elements (wire grids) and controlled by means of mercury thermostats. As the snow 
settled during the experiments the gradients did change to a certain extent. This 
was partly compensated by the increase of the heat conductibility and partly corrected 
by adjusting the temperatures. A temperature of —S°C was found about half ways 
between bottom and surface in both sets of gradient experiments. Compared with 
natural conditions a gradient of 0.18°C/cm is very high, and that of 0.70°C/cm will 
hardly ever be encountered, except in thin superficial layers being exposed to free 


radiation. 
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Fig. 


3 — Layout of experiments. 
Background left: Box No. 12; right: Controll board for temperatures. 
Foreground left: Compensation bridge for temperature measurement. (10819), 


Thermocouples served for measuring temperatures and temperature gradients. 

As the snow was supported and covered by wooden grills and wire mesh, free 
air circulation was admitted through the snow except for samples 6 and 12. With 
these two particular experiments it was intended to study the influence of air barriers 
on the transformation of snow. ss 

All these experiments were of preliminary character. Therefore, to keep them 
in reasonable proportions, no special stress was laid on extreme constance of 
temperatures and linearity of temperature gradients. Temperature variations were 
observed in the range of about + 0.5°C and variation of the gradients within 0.15 
to 0.25°C/cm for the low gradient and 0.6 to 0.85°C/cm for the high gradient. 


3. METHODS OF SNOW INVESTIGATIONS 


A specimen of fresh snow and the stored samples were investigated with respect 
to the following properties: 
a) Settling Process: 

(only stored samples) 

The thickness of the layers was measured daily. 
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b) Unit Weight: 
Cylinders of 500 cm® of snow (58 mm diameter) were taken with their axis 


horizontally—the samples with a temperature gradient at the —5°C level—and 
weighed. 


c) Crystal Shape: 

Single crystals picked out from all samples were photographed. To observe 
the undisturbed structure, orientated thin sections were cut according to the known 
standard procedure. For a rough specification of the crystal types, the International 
Snow Classification proved to be sufficient. 


d) Crystal Size: 

The crystal size was determined by two methods: First by measuring the greatest 
extension of the grains in the photographs and taking the average, and second by 
a sedimentation procedure from which the grain size distribution by weight is 
obtained. In this latter case the average grain size can be defined in different ways. 
We have chosen the value which is exceeded by 50% of the mass of all grains. The 
two methods do not yield identical results by principle, and, besides this, both are 
affected in an unfavourable sense by pieces of broken crystals or clustered grains. 
Thus grain size is a rather inexact figure. 


e) Air Permeability: 
Air permeability is defined as the quantity of air flowing per second through 


Fig. 4 — Shear test. In opened snow sample heating grid and thermocouples are 
visible (Experiment No. 11). (10822). 
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the unit cross section of a snow sample under a unit pressure gradient. It depends on 
temperature and pressure gradient. Our figures are based on —5°C and a gradient of 
0.03 mbar/cm. They were measured for experimental reasons in horizontal direc- 
tion. 


f) Tensile Strength: 

The tensile strength is measured by rotating a snow specimen with increasing 
spin until breaking strength is reached by centrifugal force. This was done on the 
same cylindrical specimens which were used for measuring specific gravity and air 
permeability. Only two or three parallel tests could be carried out for each material, 
not a great number considering the high scattering normally observed in this kind 
of measurements. However, as it was easy to recognize and eliminate any abnormal 
failures we obtained fair results. 


g) Shear Strength: 

The shear test was taken in horizontal planes by means of a metal frame with 
100 cm* shear area and a spring balance (Fig.4). The scattering of results is within 
the range of about + 15%. . 


h) Hardness: 

For the hardness tests the spring cone penetrometer SLF was used. Although 
the measured figures—representing the resistance against penetration of a cone 
tip in kg/em?—are only of relative value, this method is useful because it gives con- 
sistent results and is free from accidental failures. 


Fig. 5 — Hardness test with spring cone-penetromete: SLF. (10821). 


230 


pojIosur sjroy oseyd YUM » 


£60 Saal 1'0¢ 06C We 4 2 c9c evi 6Cl O91 x cl 
c6'0 (EXG|| 0c OLT S7/ O's ° 99C evi OCI 091 IT 
80 61 I OIP 8'r/ Os 2° 1c CLI Ov! v OF Ome Seine OV Ol 
£60 9°8 g9l 00c Gl) SA o‘p CCE SII Tor 091 6 
LAM LG VC O8E LAEO® op 9SC Srl Lh v 810— ars Or 8 
6 ysi V'Ss cs L9°0/S5°0 o*q COE SOl C6 OOr L 
Col 0°6 = a £8'0/09'0 o°q OCE 6 IT Oral O9T « 9 
61 9°8 6'L9 cL L8'0/65°0 o*q VCE joys) OTT 09T ¢ 
£v'0 (SAE cst OCI ITT/€8°0 o*q VSc O's orl v 0 Cle OV v 
6's OST SUC OV 18°0/6r'0 o) 88e 86 Gale 00r o 
8°C OES LS6 os 78°0/09'0 o*q 8Se Lol 16 O9T Cc 
vr'0 VY SIC ell $6'0/0L'0 pq IL7 OVI Ol v 0 Saad OV I 
JuoUWTIodxY 10ijv 
€7:0 On or vs a Osh q‘e 061 0c 0c 0 0 os aa 0 0 
JUSWITIOdXS J10Jog 
u Ss Ls Vv d Gl +2) /H H d L peis ab / ON 


sorjzadord Mous JusWTIadxXe JO SUOIIIPUOS 
eo 
SUOLJIPUOD PVO] puv asnjosaduiay SNOLIDA OJ pajral[qns Sajduips mous fo satjsadorg 


[Se OE MAE 


231 


a 


From all these various tests, whatever their single value is we are able to get 
a good picture of the changes produced in snow by temperature and stress. 


4. RESULTS 


A summary of the results is shown in table 1 and Fig. 6 to 20. Most of the 
figures are averages of a number of measurements. A series of additional observations 
of secondary interest have been omitted for reasons of shortness. 


Key for table 1 : 


No = Number of experiment (No. 0 refers to the fresh snow on March 29th 
1957) 
t = Age of snow at time of investigation (days) 
Z = Mean snow temperature in the middle of sample (@) 
grad T = Vertical temperature gradient within snow (°C/cm) 
P = Vertical unit load during experiment (kg/m?) 
H = Depth of snow layer at end of experiment (cm) 
(Initial depth of all specimens: 20 cm) 
H’ = Depth calculated from G, (H’ = H, . G,/Gy) (cm) 
H’ — H represents roughly the loss by evaporation 
G = Unit weight (specific gravity) of snow 
Average over a layer of 6 cm depth (kg/m?) 
F = Grain shape: a = dendritic crystals (fluffy snow) 
b = oblong crystals, some branched 
c = isometric, rounded crystals 
d = isometric, edged crystals 
e = hollow crystals with even facets (depth hoar) 
D = Grain size. First figure: from photograph (mm) 
Second » : from sedimentation test 
A = Air permeability (cm?/s.cm? per mbar/cm) 
ST = Tensile strength (kg/dm?) 
Ss = Shear strength (kg/dm?) 
R = Hardness measured by spring cone-penetrometer (kg/cm?) 


5. DISCUSSION 


a) Settlement: ~ 

It is interesting to note that the settlement is slowed down by a temperature 
gradient (compare No. | with 8 and 10). Evaporation (i.e. H’ — H) is somewhat 
more pronounced in presence of a temperature gradient, but not a8 much as one 
might expect. In sample No. 6 evaporation has been entirely prevented by the plastic 
foils, which was not the case in sample 12 with a gradient. 


b) Specific Gravity: 

All samples show a substantial increase in specific gravity after 40 days, the 
highest value being produced by the heaviest load and the highest temperature 
(sample No. 3). The smallest increase however is found not in the coldest unloaded 
specimen No. 4 but in No. 10. This shows again the influence of the temperature 
gradient. The figures for No. 2and 7 are very similar, and we conclude that an increase 
of pressure from 160 kg/m? to 400 kg/m? is fully compensated by dropping the 
temperature from —5° to —13°. This effect is observed in most of the other properties 
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so that samples Nr. 2 and 7 consist of nearly identical snow. Specific gravities are 
also similar at —13° and under the low gradient of 0.18°/cm, But the general appe- 
arance of the snow is quite different and so are most of the other properties. 


’ 


¢) Crystal Shape: 


Using the symbols of the standard snow classification we can characterize the 
crystals only in a approximate manner. Nevertheless the result is striking, as can be 


Fig. 6 — Fresh snow before experiment (thin section). (10915). 
Diameter of circle = 2 mm in nature. 


seen from the photographs (Fig. 6 to 20). The upper pictures show single crystals 
disengaged from the natural structure, the lower ones represent thin sections (0.3 mm 
thick) of the unchanged structure, seen from the side in the right orintation. In 
principle two types of crystals are observed. In all those samples which were kept 
under uniform temperature we find rounded isometric or oblong grains, some still 
show original branching. At lower temperature we.also notice sharp edges and even 
facets. With increasing stress the single crystals are more and more welded together 
composing a tight framework. 


Under the influences of the lower temperature gradient sharp edged crystals 
were formed. Some of them having already reached the state of depth hoar with the 
characteristic cup-like appearance (Fig. 13 and 14). Under the high gradient pure 
depth hoar was produced (Fig. 15 and 16). The lower the pressure the stronger and 
more complete was this development. Most depth hoar cups are arranged with their 
openings towards the bottom as can be recognized from the photographs (13, 14, 
15, 16). A single crystal (depth hoar cup) of particular size and beauty was cut through 
its main axis (Fig. 20). It is subdivided by thin basal lamellas, a typical feature of 
depth hoar. ‘ ' 

In the absence of a temperature gradient, plastic foils did hardly influence the 
grain shape (Fig. 17). Otherwise they did not prevent the formation of depth hoar 
in presence of a gradient (Fig. 18). But immediately below the foils dense layers of 
ice were built up by sublimation (Fig. 19). This may indicate the important vertical 
vapour transfer under a temperature gradient. 
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Fig. 


Fig. 9 @) (10844/10860) 
T: —S°C, P: 400 kg/m? 


2 


Fig. 8 C2) (10847/10862) 
T: —5°C, P: 160 kg/m 


Fig. 7 G4) (10843/10912) 
T:; —5°C, P: 4 kg/m? 


7 to 18 — Snow crystals taken from samples after end of experiments. Upper 
picture: Single crystals loosened from natural structure. Lower picture: Thin 
section through natural structure (0,3 mm thick). Side view, right orientation 
(bottom down). 

Figure in circle refers to No. of experiment. T = Temperature. P = Unit load. 
Diameter of circle on photograph corresponds to 2 mm in nature. 
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Fig. 13 () (10809/10896) Fig. 14 (9) (10803/10865) 
grad T: 0.18°C/cm, P: 4 kg/m? grad T: 0.18°C/cm, P: 160 kg/m? 


d) Crystal Size: 

For fine granular snow we get a slightly smaller mean crystal size by the photo- 
graphic method than by sedimentation. With depth hoar it is just the reverse, because 
a certain selection is introduced by eliminating splinters of evidently broken crystals. 

From the fresh snow of not well defined crystal size first a fine granular material 
with a crystal size of less than 1 mm is obtained. In the absence of a temperature 
gradient only a minor growth will take place. This is evidently hampered by com- 
pression. A quite different order of magnitude appears in the samples with a gradient. 
The number of individual crystals drops to a small fraction an& the size of the 
crystals lies between 1.5 and 5 mm. Contrary to our expectations we notice hardly 
any influence of the load. Perhaps, however, the experiments lasted too long so that 
something like a final state of growth was reached in all the samples with gradient. 

Plastic foils did not affect crystal growth in the constant temperature samples 
whereas in the specimens with gradient the growth was reduced. 


e) Air Permeability: 

Except in three loaded isothermic samples the initial permeability increased. 
Again the highest rise was measured in the samples with gradient — a result consistent 
with the development of specific gravity and crystal size. It must be said that the 
high figures above 200 were probably outside the normal range of the measuring 
instrument. With proper adjustment they would’ have becoine even higher. 
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Fig. 15 (10838/10901) Fig. 16 G1) (10823/10898) 
grad T: 0.70°C/cm, P: 4 kg/m? grad T: 0.70°C/cm, P: 160 kg/m? 


Between the foils a surprisingly high air permeability was observed (No. 12), 
probably due to the fact that we have measured the air flow between two foils perpen- 
dicularly to the direction of the gradient. In any case with a2 temperature gradient 
air permeability is raised and this in return promotes metamorphism and loosening 
of the structure. 


f) Tensile Strength: 

Starting with a figure of 7.3 kg/dm? — wich is rather high for fresh snow and 
certainly influenced by the sieving operation—we notice a general trend towards 
solidification. In the isothermic experiments a pronounced rise in strength is pro- 
duced which becomes greater with increasing load. Colder samples lag behind the 
warmer Ones in strength. Again a parallel behaviour between No. 2 and 7 is observed. 

The top value of 145.5 kg/dm? (No. 3) is high, but has been surpassed now and 
then under natural conditions, for example in the hardest layers of the profile shown 
in fig. 1 (165 kg/dm?). : , 

With a temperature gradient only the unloaded samples show a loss of tensile 
strength. The others, although composed of depth hoar, are remarkably strong. 


g) Shear Strength: 
On the whole shear strength follows the same trend as tensile strength. Due 


to a considerable scattering of the measurements and probably to the anisotropic 
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Fig. 17 (6) (10856/10864) Fig. 18 G2) (10828/10884) 
T: —13°C, P: 160: kg/m? grad T: 0.7°C/cm, P: 160 kg/m? 


Fig. 19 — Experiment No. 12. Dense Fig. 20 — Single depth hoar crystal 


snow layer formed by sublimation un- from experiment No. 10. Thin section 
derneath third plastic foil (from bot- through main axis of cup (slightly 
tom), seen from the side (thin section). damaged). (10920). 

(10903). 
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texture of the snow we cannot, however, recognize a sharp correlation between the 
two propreties. 


h) Hardness: 

Hardness also goes parallel*with tensile Strength but differently in samples 
No. 2 to 7 and 8 to 12. In all fine granular specimens, except No. 1 the ratio S7/R 
(in the given units) is found between 25 and 36, whereas for the depth hoar samples 
figures from 17 to 22 are computed. This points to a higher rigidity of the depth 
hoar structure and perhaps to dynamic effects being involved in our particular 
hardness test (mass dislocation). 


5. SUMMARY AND GENERAL CONCLUSIONS 


Snow samples were stored for 40 days under various steady conditions of stress, 
temperature and temperature gradient. A set of measurements taken before and 
after the experiment verified the general behaviour observed in nature and clarified 
the separate and combined action of temperature and pressure on snow. In general 
terms the conclusions are as follows. 


a) In the absence of a temperature gradient fresh snow is transformed into a 
fine granular material. Hardness and strength as well as specific gravity increase 
considerably with a rise of temperature and load. 


b) In the presence of a temperature gradient fresh snow is transfermed into a 
coarse granular material — under the condition of the experiments mainly to depth 
hoar. The development of hardness and strength is checked by a temperature gradient. 
An increase of strength does not occur unless a certain substantial load is applied. 
Otherwise even a drop of strength may result. The higher the temperature gradient, 
the sooner the transformation is achieved. 


c) Specific gravity, strength, and crystalline features are interrelated to a certain 
extent. There are, however, snow samples which have similar specific gravity, yet 
quite different strength, and samples of different crystalline appearance may agree 
in more than one mechanical property. 


d) From the experiments with the plastic foils inserted in the snow we conclude 
that a considerable vapour transfer is produced by the temperature gradient. As 
for the formation of depth hoar a certain local turnover of incoming and outgoing 
vapour is necessary. But in a strong gradient depth hoar can develop between foils 
(or ice sheets in nature) without convection of large scale. 
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DIE BERECHNUNG DER EISSTANDTERMINE 
UND TERMINE DER REINIGUNG DER STAUSEEN 
VOM EIS 


W. W. PLOTROWITSCH 


SUMMARY 


Water reservoirs built on rivers usually freeze and are cleared of ice in other 
periods than these rivers before the construction of water reservoirs. Freezing and 
clearing periods of the water reservoirs are established by calculations of a heat 
balance determined with allowance for the depth and size of the reservoirs. The 
author has used an equation which unites a heat reserve in the water reservoir and 
a heat exchange with surrounding atmosphere. ‘ 

The equation was solved by a «day-by-day» system which permitted to take 
into account variable meteorological factors. 

A comparison was made between observation data on ice drift and complete 
freezing on the Tsymlyansk, Rybinsk and Dnieper water reservoirs as well as on the 
Pskov Lake for 66 determinations in different years. 

it was found that on open parts of large water reservoirs with average depths 
less than S—6 m, time of lowering water temperature to 0° and periods of complete 
freezing are within the error + 1—2 days. At narrow and comparatively deep water 
reservoirs (the Klyazma water reservoirs on the Moscow-Volga Canal, Dnieper 
Reservoir, Pereborsky Gulf of the Rybinsk Reservoir) with average depths from 
9 to 16 m, complete freezing precedes the cooling of water to 0° by a few days. A 
dependance of the sum of average daily air temperatures below zero was found for 
the day of the freesing on average depths of small areas of lakes. This dependence 
permits to compute average dates of complete freezing on future water reservoirs 
from evidence of perennial observations on the air temperature in the same region. 

Annual periods of ice clearing of water reservoirs were computed by a dependence 
of a cold reserve in the air before thawing by a heat exchange of the ice-and-snow 
surface of the water-reservoir in spring and by standard meteorological observations. 

Observations have shown that a large amount of solar radiation penetrates into 
the spring ice and the bottom surface of the ice cover noticeably thaws, especially 
during ice drifting. 

The methods of computing the clearing periods were checked up on the Rybinsk, 
Tsymlyansk, Dnieper and other water reservoirs as well as on the Pskoy, Chudskoye 
and IImen Lakes for 43 years. Thus, it was shown that the computation periods 
coincide with a period of a mass ice clearing of large water reservoirs. Their final 
clearing is 2—3 days later than the computed date. 

From evidence of perennial observations on the clearing periods of the lakes in 
the USSR, there has been established a graphical dependence between the sum of 
positive average daily temperatures of the air on the day of clearing and that of 
average monthly temperatures of the air in winter time. This dependence makes it 
possible to compute average dates of clearing the water reservoirs according to evidence 
of perennial observations of the air temperature in the same region. 


Fir die Ermittlung der Eisstand und Reinigungstermine der Wasserbehilten 
und zwar der Seen und Stauseen und bei der Ausarbeitung der Methodik fiir die 
Prognosierung dieser Termine nutzt man heutzutage vieljahrige Eisbeobachtungen 
der MeBstellen aus. Aber fiir viele Seen und Stauseen\fehlen solche Angaben. 
Daraus entstehen grosse Schwierigkeiten bie der Zusammenstellung der Prognosen 
und anderer Auskunften tiber das Eisregime fiir solche Seen und Stauseen. Besonders 
wichtig ist diese Frage heute, wann neue grossen Stauseen an der Wolga, Kama 
und a. in Gang gebracht werden. Die Mehrheit dieser Stauseen schafft man dort, 
wo es keine Wasserbehilter gebe, die im Verhalten zum Eisregime Analoge den 
errichteten sein wiirden. 
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Im Zusammenhang damit werden seit dem Jahre 1952 im Zentralinstitut der 
Prognosen Forschungsarbeiten mit Absicht der Methodikausarbeitung der lang- 
fristigen Vorhersage der Eisstand und Reinigungstermine der neugeschaffenen Stau- 
seen durchgefiihrt. Die erste Etappe der Arbeit wurde der Ausarbeitung einer Rech- 
nungsmethodik dieser Termine gewidmet. Diese Berechnungen, wenn sie gelungen 
wirden, hatten eine Vorstellung von der Regimisete (Mittel und Jahrestermine) 
bei der bestimmten meteorologischen Verhialtnissen einer ganzen Reihe der vergan- 
genen Jahre geben kénnen. p 

Eine kurze Wiedergabe der Forschungsergebnisse in dieser Richtung wird in 
diesem Artikel gegeben. 

Die Methodikausarbeitung der langfristigen Vorhersage der Eisstand und 
Reinigungstermine ist jetzt im Stadium der Forschung. Diese Forschungen werden 
auf dem Basis einer ganzen Reihe der berechneten vieljahrigen Termine dieser 
Erscheinungen durchgefiihrt. 


Dit BERECHNUNG DER EISSTAND- UND REINIGUNGSMITTELTERMINE DER STAUSFEN. 


Den Berechnungen der mittleren Eisstand und Reinigungstermine der Stauseen 
wurde die vereinfachte Methode der Warmebilanz zugrunde gelegt. Fiir die Ermitt- 
lung der Mitteltermine des Eisstandes ist folgende Abhangigkeit festgestellt : 


Xi — ta = f(A), (1) 
wo i—t, ist eine Summe negativer Mitteltemperaturen der Luft wahrend vier- 


undzwanzig Stunden aufs Hisstandsdatum, die fiir die Periode nach dem Herbstiiber- 
gang der Lufttemperatur iiber 0° berechnet wurde. 
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temperaturen der Luft fiir den Eisstanddatum und der mittleren Tiefen der Seen. 
Die Namen der Seen sind neben den Punkten gegeben. 
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Diese Summe charakterisiert die Warmeabgabe eines Wasserbehilters. H ist eine 
Mitteltiefe des Sees oder Stausees im beobachteten Gebiet. Das ist eine Kennziffer 
der Warmemenge eines Wasserbehilters im Falle eines Temperaturriickganges. 

Auf der Zeichnung | ist die ermittelte Abhangigkeit fiir die Seen von UdSSR 
gezeigt. Fiir die Berechnung dieser Abhingigkeit wurden die Angaben fiir solcher 
Seen ausgenutzt, fiir welche eine grosse Reihe (nicht weniger als 15 Jahre) von Eis und 
Tiefenbeobachtungen der MeBstellen gesammelt wurde. Fiir diese Seen wurden 
Mitteltermine des Eisstandes durch die Bestimmung eines arithmetischen Mittel- 
wertes der jahrlichen Angaben bestimmt. 

Leider sind die Tiefenangaben nicht fiir alle Seen bekannt. Fiir viele Seen, auf 
welchen mehrere Jahre lang die Eisbeoabchtungen durchgefiihrt wurden, fehlen 
solche Tiefenangaben. Infolgedessen hat die Abhangikeit nicht so viel Punkte. 

Die Zeichnung | zeigt, da® es eine gute Verbindung zwischen der Summe negatver 
Lufttemperaturen zum Eistandtermin und der Seenticfe der Nordwest und Zentral- 
gebieten des Europaischen Teils der UdSSR, Karelien und Kola Halbinsel existiere. 

Diese Abhangigkeit gibt die Méglichkeit die Eisstandmitteltermine zu ermitteln. 
Dazu bestimmt man mit Hilfe von Mitteltiefenangaben eines Stausees und der 
Abhangigkeit (1) die fiir die Bestimmung des Eisstandes notwendige Summe negativer 
Lufttemperaturen. Der vieljahrige Lufttemperaturengang wéahrend vierundzwanzig 
Stunden wird graphisch dargestellt. Fiir diese Darstellung nutzt man die Angaben 
einer nachstliegenden meteorologischen Station aus. Nach der graphischen Dar- 
stellung wird das Datum, auf welches sich die notwendige Summe negativer Luft- 
temperaturen sammelt bestimmt. Dieses Datum gibt den Eisstandmitteltermin des 
Wasserbehilters. 

Man muss unterstreichen, dass die Angaben der auf den Inseln oder auf den 


Ufern grésser Seen liegenden meteorologischen Stationen bei der Zusammenstellung — 


der Abhangigkeit (1) nicht ausgenutzt wurden. Darum kann man die Angaben der 
Beobachtungen dieser Stationen fiir die Bestimmung der Mitteltermine nicht anwenden. 


Die Zerstreutheit der Punkte auf der ermittelten Abhangigkeit ergibt Maximum _ 
+ 3 Tage. Diese Zerstreutheit ist hauptsachlich durch nicht ganz genaue Tiefen- ° 


angaben hervorgerufen. Sehr wichtig fiir das Eisregime sind auch Klimabesonderheiten 
der Seen, die nur durch negative Lufttemperaturen iiber dem Boden nicht zu charak- 
terisieren sind. Eine grosse Bedeutung fiir die Klimaformierung iiber einem Wasser- 


behalter hat die Seenbreite die einen grossen Einfluss auf die Lage der Verbindungs- — 


punkte ausiibt. 

Man muss anmerken, dass die Abhangigkeit (1) fiir solche Seen festgestellt ist, 
deren Tiefe nicht grésser als 18 m sei. 

In diesem Tiefendiapason ist die Verbindung zur gradlinigen sehr nahe. Mit 
der Tiefenzunahme wird die Gradlinigkeit zerstért. Z.B.: die Angaben fiir den Zen- 
tralteil von Onegha See, wo die Tiefe 50 in betragt, liegen weit rechts von der 
Gesamtverbindungslinie. Das weist darauf hin, dass die Warmemenge, die im Herbst 
nicht tiefe Seen verlieren, der Tiefe proportional sind, und die Mischung die ganze 
Tiefe eines Sees umfasst. In einem tiefen Wasserbehilter verschwindet diese gerade 
Proportionalitat. Erstens ist es darum, dass die Mischung zum Eisstandtermin 
nur obere Schichten umfasst. 

Fiir die Berechnung der Mitteltermine der Reinigung der Stauseen vom Eis 
wurde folgende Abhangigkeit festgestellt : 


Xu + ta = fi — 9) (2) 


wo & + fy ist eine summe positiver Mitteltemperaturen der Luft wahrend vierund- 
“wanzig Stunden zum Reinigungstermin eines Stausees, die seit dem Temperatur- 
iibergang, iiber 0° berechnet wurde. Das ist ein Merkmal der Warmezufur zum Eis. 

=X — 6 ist eine Summe negativer mittelmonatlichen Lufttemperaturen fiir die 
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Eisstandperiode. Diese Summe charakterisiert maximale Eisdicke yor dem Tauenan- 
fang. 

Fiir die Feststellung der Art dieser Abhangigkeit wurden die Angaben fiir solche 
Seen der UdSSR ausgenutzt, die eine Reihe von Mef&stellenbeobachtungen mehr 
als 15 Jahre hatten. Die Reinigungstermine eines Wasserbehalters yom Eis wurden 
durch die Bestimmung eines arithmetischen Mittelwertes der jahrlichen Reiniguns- 
termine ermittelt, . 

Die Entfernung der Punkte (Zeichn. 2) von der Zentralverbindunglinie encspricht 
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i c i itiver Tagesmitteltem- 
Zeichn. 2 — Der Zusammenhang zwischen der Summe positiver i 

peraturen der Luft fiir den Reinigungsdatum der Seen vom Eis und der Summe 

negativer mittelmonatlichen Lufttemperaturen fiir den Winter. Die Namen 


der Seen sind neben den Punkten gegeben. 
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+ 2 Tagen. Die Berechnung der Reinigungsmitteltermine eines Stausees vom Eis wird 
folgenderweise durchgeftihrt. Man summiert negative mittelmonatlichen Lufttem- 
peraturen fiir die Eisstandperiode nach den Angaben einer nachsten zu Lande 
liegenden reprasentativen meteorlogischen Station. 

Mit Hilfe dieser Grésse findet man auf der Zeichnung 2 die fiir die Reinigung 
vom Eis notwendige Summe der Lufgtmitteltemperaturen wahrend vierundzwanzig 
Stunden. Auf der graphischen Darstellung des vieljahrigen Ganges der Lufttempe- 
raturen in vierundzwanzig Stunden nach dem Nulliibergang in Friihling findet man 
das Datum, zu welchen sich die fiir die Reinigung yom Eis notwendige positive 
Temperatursumme sammelt. Dieses Datum wird dem mittleren Reinigungsdatum 
eines Stausees vom Eis entsprechen. 

Die Art der Abhangigkeit (2) erinnert an eine Kurve des Eisanwachsens im 
Zusammenhang mit einer sich vergréssernden Summe negativer Lufttemperaturen 
im Laufe des Winters. 

Die Ausnutzung der beobachteten maximalen Eisdicken anstatt ) — 0 gab 
die Abhangigkeit mit einer viel grésseren Zerstreutheit der Punkte als die ermittelte. 
Das ist dadurch zu erklaren, dass die maximalen Eisdicken auf Grund einer kurzen 
Beobachtungsreihe bestimmt wurden und darum nicht reprdsentatiy sind. 

Die Zerstreutheit der Punkte auf der ermittelten Abhangigkeit ist durch eine 
Reihe von Ursachen hervorgerufen. Auf die Reinigungstermine iibt einen Einfluss 
die Breite des Wasserbehilters aus, die eine grosse Bedeutung in der Klimaformierung 
iiber den Seen hat. 


Die Seen mit einer grossen Oberflache (Tschudskoje, Ladoga-See und der 
Zentralteil von Onega-See) reinigen sich vom Eis viel spater als kleinere Seen in 
diesem Gebiet. Die Ursache dieser Erscheinung ist yon zweierlei Art. Es besteht 
die Méglichkeit einer Anhaufung von Eismassen auf den grossen Seen im Winter. 
Das erfolgt nach dem Eisdeckeneinbruch und bei der Packeisbildung. Andererseits 
kuihlt der mit Eis bedeckte See tiber ihm liegende Luftmasse viel starker, darum erfolgt 
hier das Eistauen zu langsam. Daraus folgt, dass die Abhangigkeit fiir grosse Stauseen, 
z.B. fiir den Zentralteil von Rybinskoje Stause, friihere Reinigungstermine in 
Vergleich zu den beobachteten zeigt. 


Auf die Reinigungstermine iibt gewissermassen Durchflussgrad einen Einfluss 
aus. Der Versuch mit Absicht einer Wertung dieses Faktors wurde von uns nach 
den Angaben iiber dem Durchflussgrad und iiber die Termine des Eisbruches fiir 
die Seen Ilmen, Tschudskoje, Pskowskoje, Sseliger, Imandra u.a. gemacht. Es stellte 
sich heraus, dass der Einfluss der Durchflussverschiedenheit dieser Seen auf die 
Reinigungstermine gering ist. 


~ 


Um eine genauere Vorstellung tiber die Eisstand und Reinigungsmitteltermine 
der Stauseen vom Eis zu bekommen, muss man die volle Warmebilanz der Wasser- 
abkiihlung im Herbst, des Eisanwachsens und seines Tauens mit» der Berechnung 
des Einflusses des Wasserbehilters auf die meteorologischen Verhiltnisse bertick- 
sichtigen. Aber der Wert solcher Berechnungen ist nicht gross, wiel die Bestimmungs- 
genauigkeit der Data von betrachteten Eiserscheinungen wegen einer begrenzten 
Periode der Beobachtungen (15-25 Jahre) fiir die Mehrheit der Wasserbehilter be- 


schrankt ist. Die ermittelten Mitteldata entsprechen der Beobachtungenperiode auf 
den Seen in den Jahren 1930-1953. 


Die BESTIMMUNG JAHRLICHER EISSTANDTERMINE. 


Die jahrlichen Eisstandtermine auf den neugeschaffenen oder zukunftigen 
Stauseen in den hydrometeorologischen Verhiltnissen voriger Jahre wurden nach 
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der Warmebilanzmethode mit der Berechnung von Besonderheiten des Stausees 
bestimmt. 

Zuerst wurde der herbstliche Temperaturgang des Wassers (T) eines Wasser- 
behalters nach der Formel ; 

dT/dt =o/H (3) 
ermittelt. (7) 

Die gleichartige Formel wurde von O. Devik (*) fiir die Berechnung der Wasser- 
abktithlung des Flusses Glomm (Norwegen) vorgeschlagen. 

Diese Formel stellt eine differentiale Gleichung dar, da der Warmeumsatz mit 
dem umliegenden Raum (6) und in einigen Fallen auch die Mitteltiefe des Wasser- 
behalters (H) sich im Laufe der Zeit verindern. Die Losung der Gleichung (3) in 
allgemeiner Art ist darum nicht méglich, dass der Gang des Warmeumzatzes in der 
Zeit (tT) analytisch nicht auszudriicken ist. 

Hochst verschiedene und stark veranderliche Faktoren des Warmeumsatzes 
kann man nur bei der Voraussetzung der Unveranderlichkeit der Wassertemperaturen 
beriicksichtigen. Ebenso wie die Wassertemperatur, muss wabrend einer bestimmten 
Periode auch die Tiefe des Wasserbehilters unveranderlich bleiben. Als solche 
Zeitabschnitte haben wir Tag und Nacht angenommen. Bei diesen Bedingungen 
gibt die Lésung der Gleichung (3) : 

OT 
H 


wo T, und T, ist die Anfangs und Endtemperatur des Wassers auf dem gegebenen 
Gebiet mit der Mitteltiefe H ; 

o ist summarer Warmeumsatz des Wassers mit dem umliegenden Raum (Kal/cm?/ 
24 Stunden), mit Hilfe konstanter Wassertemperatur (T,,) bestimmt. Fiir die nachsten 
24 Stunden wurde die Wassertemperatur dem T, gleich und unveranderlich ange- 


T, = Ty + 


(4) 
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Zeichn. 3 — Die Periode fiir Bildung des Mittelwertes der Lufttemperaturen, 
welche fiir die Bestimmung der Wassertemperatur eines Stausees n6tig ist. 

. Die Pirogowski Flussstrecke des Kljasminskoje Stausees. 

. Nebendammgebiet des Iwanjkowskoje Stausees. 

. Pereborski Bucht des Rybinskoje Stausees. 

. Der Insel Mologa des Rybinskoje Stausees. 

. Drei Seen in Oserki bei Leningrad. 

. Die Fliisse Wolga und Kama. ! 

(7) Dichte und Warme Kapazitait des Wassers sind den | gleich angenommen. 
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nommen. Mittels dieser Temperatur wurde der Wirmeumsatz wahrend vierundzwanzig 
Stunden berechnet; dann wurde wieder die Wassertemperatur fiir die nachsten vier- 
undzwanzig Stunden berechnet, u.s.w. von Tag zu Tag bis zum Temperaturiiber- 
gang tiber 0°. Auf solche Weise ergibt sich der Wassertemperaturgang in der Zeit. 

Empirisch wurden die Fehlergréssen, die bei der Berechnung der Wassertempe- 
ratur als Resultat der Voraussetzung der Wassertemperaturunveranderlichkeit 
entstehen, festgestellt. Es stellte sich heraus, dass auf die Fehlergrésse hauptsachlich 
die Tiefe des Wasserbehilters einen Einfluss ausiibt. Bei den Tiefengréssen mehr 
als 5 m (die fiir die Stauseen gew6nlich sind) kann man die Berechnungsfehler 
vernachlassigen. 

Das ist einfach zu erklaéren : bei einer kleinen Tiefe (weniger als 5 m) verdndert 
sich die Wassertemperatur sehr schnell, und nahert sich der Lufttemperatur, der 
Warmeumsatz aber verringert sich. 

Wenn die Tiefen eines Wasserbehilters gross sind, verdindert sich die Wasser- 
temperatur wahrend vierundzwanzig Stunden sehr wenig, und die Berechnung des 
Warmeumzatzes nach einer konstanten Wassertemperatur recht genau wird. 

Fur die Berechnung nach der Formel (4) ist es notwendig, die Anfangstemperatur 
des Wassers (T,) zu haben. Wir ermitteln diese Temperatur durch die Bestimmung 
der Luftmitteltemperatur fiir einen vorhergehenden Zeitabschnitt. Die fiir die 
Ermittlung notwendige Periode wurde mittels der Gegeniiberstellung der beobachteten 
Mitteltemperaturen des Wassers einiger Stauseen der mittlereren Lufttemperaturen 
fiir verschieden Zeitabschnitte entschieden. 


Die Periode, fiir welche man die Mittelwerte bestimmt, hangt von der Mtiteltiefe 
des Wasserbehilters ab (Zeichn. 3): je tiefer das Wasserbecken sei desto fiir eine 
langere Zeitperiode man die Mittelwerte der Lufttemperatur bestimmen muss; 
dementsprechend ermittelte man die Mitteltemperaturen der Luft, damit die Wasser- 
temperatur auf die gegebenen vierundzwanzig Stunden zu berechnen. 


Solche Berechnung gibt nur annaihernde Werte der Wassertemperatur. Ausserdem 
ist diese Berechnung nur fiir den Herbst brauchbar. (In unseren Breiten fiir: 
September, October und November). In die Sommerperiode ist die Wassertemperatur 
der nicht tiefen Stauseen als Regel héher als die Mitteltemperatur der Luft. 


Um den Berechnungsfehler der Wassertemperatur fiir die Periode vor dem 
Eisstand zu verringern, haben wir die Berechnungen ein Monat lang vor dem erwar- 
teten Eisstandtermin durchgefiihrt. In diesem Falle néahert die Berechnung die 
Wassertemperaturgrésse zu ihrer wahrer Grosse. (wenn die Berechnungsformel, 
ebenso wie die Berechnung des Warmeumsatzes, den Abkihlungsgang naturgemiiss 
wiederspiegeln.) 


~ 


Der Warmeumsatz einer Wassermasse wurde auf Grund meteorologischer 
Standartbeobachtungen fiir jeden Termin besonder berechnet. Durch ihre Summierung 
und Multiplikation auf 360 (bei 4 Terminbeobachtungen) bekémmen wir den 
Warmeumsatz wahrend vierundzwanzig Stunden. Aus einer grossen’ Anzahl der 
Faktoren des Warmeumsatzes sind vier Faktoren am wichtigsten : die Warmezufuhr 
der summaren Sonnenstrahlung (GQ), die Warmeabgabe durch effektive Ausstrahlung 
(o;), der Warmeumsatz als Folge der Verdunstung und Wasserdampfkondensation 
(o,) und der konvektive Warmeumsatz des Wassers mit der Luft (o;). Die Zufuhr 
der globalen Sonnenstrahlung (60) wurde mittels der Tabelle von Ukraintzew (7) 
fiir den Herbst und fiir den Frithling bestimmt. Diese Tabelle ergibt einen Mittelwert 
der Radiation wihrend vierundzwanzig Stunden bei dem wolkenlosen Himmel. 
Der Wolkeneinfluss wurde durch die Korrektureneinleitung beriicksichtigt. Die 
Korrekturgréssen wurden mittels der aktinographischer Beobachtungsangaben 
des Kuibyschew Observatoriums and des Michelson observatoriums in Moscau 
vom Autor festgestellt. (Zeichn, 4), 
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Zeichn. 4 — Die Beziehung zwischen Werte der globalen Sonnenstrahlung bei triiben 
und bei wolkenlosen Himmel. 
a) 1 — Oktober, 2 — November, 3 — Dezember, 
b) 1 — Marz, 2 — April, 3 — Mai. 


Die Zeichn. 4 ist nach den Angaben der Mittelwerte der globalen Sonnenstrehlung 
und der Bewélkung fiir eine Dekade zusammengestellt. Dabei wird der kleinere 
Einfluss von oberen und mittleren Bewélkung auf die Radiation mit Hilfe der Formel 
(5) beriicksichtigt : 

N, — Nu 

5 5 


Fad. N Nx + (5) 


wo N, die gesamte Bewolkung in Gr. 

Nqx die niedere Bewélkung in Grad. 
Die Zeichnung 4 zeigt, dass die Genauigkeit der Dekadensummen yon der Sonnen- 
strahlung nicht gross ist. 

Fir einzelne 24 Stunden sind die Relativfehler der Berechnung noch bedeutender. 
Da die Berechnung fiir den Herbst und Friihlung fiir die Periode mehr als ein Monat 
lang erfiillt wurde, verringern sich die Relativfehler bemerkbar. 

Albedo der Wasserflache ist nach der Tabelle von Siwkow (*) bestimmt. Die 
effektive Wasserstrahlung (o;) wurde anfangs nach der Formel von Brunt (*) mit 
den Koeffizienten von Kusmin (°) bestimmt : 


Oj = OT 4 wassers — AOT*hugt A + CN); (6) 


WO TwWasser UNd Ty yt -absolute Wasser und Lufttemperaturen sind, (die letztere 
auf der Héhe von 2 m.) 

Gist konstante Grésse der Strahlung 8.26 x 10—!! Kal./em? min. A = 0,65 + 
0,051 4/ fa; 

fa ist absolute Feuchtigkeit in mm; 

N ist die Bewolkung in Grad; (besonder fiir niedere und zusammen fiir obere und 
mittlere Bew6lkung). 

C ist der Koeffizient, der den Einfluss verschiedener Bew6lkung auf die Gegen- 
strahlung bestimmt. Er wurde von Kusmin als 0,12 fiir die obere und mittlere 
Bewélkung und als 0,24 fiir die niedere Bewolkung angenommen. 


247 


Nach dem Erscheinen der Monographien von Brasslawski und Wikulina (%) 
wurde die Strahlungsberechnung nach der Formel der letzteren erfiillt. 
CHuNy Cy + ¢(Nb + Ne) 


No 
oj = 0,95 | OT ‘wassers — oT urt [ 10 f 10 fF A ad Te 10. yh 3 (7) 


wo Cy Cp + sind Die Koeffizienten fiir niedere, obere und mitllere Bewolkung. 
Nu Ng Nc sind niedere, obere und mittlere Bew6lkung in Grad: 
N, ist Gesammtbedeckung des Himmels; 

Im tibrigen ist alles ebenso wie bei Brunt. 


Die Koeffizientengréssen unterscheiden sich in dieser Formel von den oben 
erwahnten. Fiir den Herbst sind die Verschiedenheiten bei der Strahlungsberechnungen 
nach diesen Formeln gering. 

Fur den Frihling gibt die Formel yon Brunt mit den Korrekturen von Kusmin 


viel wenigere StrahlungsgréBen, besonders in die Periode hoher Lufttemperaturen. - 


Der Warmeumsatz durch die Verdunstung (o,) wurde nach der Verdunstungs- 


Kal. 
formel yon Saikow (7) berechnet und von uns in ——.—.= umgerechnet. 
(cm?) min. 
b cee (8 
Su = (0,0062 + 0,0048 Woon ) (fb — fa) som pes 8) 


WO Wap ist die Windgeschwindigkeit in m/sec auf der Hohe von 200 cm. iiber 
dem Wasser; : 

fy und fa sind entsprechend sattigende Feuchtigkeit bei der beobachteten Wasser- 
temperatur und absolute Luftfeuchtigkeit iiber dem Wasserbehilter auf der Héhe 
von 200 cm. (iiber dem Wasser); 

Die Feuchtigkeit ist nach den Verdunstungsangaben der Wasserbehilter- 
Verdunstungsmesser nach den Beobachtungen tiber die Luftfeuchtigkeit und Wind- 
geswindigkeit unmittelbar in der Nahe der Wasserbehilter ermittelt. 

Wir haben nur den Koeffizient der Windgeschwindigkeit von 0,72 bis 0,78 
vergrosst. Wir sind der Meinung, dass auch in dieser Art die Formel den Warmeum- 
satz durch Wasserverdunstung bei starkem Wind verkleinert. 

Der konvektive Warmeumsatz (o,) wurde nach der analogischen Formel berech- 


net. Die Koeffizienten zu dieser Formel wurden von Saikov(’) auf Grund der bekannten 
Stellung von Bowen (®) ermittelt. 


Kal 


Gx = (0,0041 + 0,003 Wooo) (T — t) ——— ; 
cm? min 


(9) 
wo T ist die Wasseroberflachentemperatur: 


t ist die Lufttemperatur in der Hohe von 2 m iber der Wasseroberflache; 
Weoo ist die Windgeschwindigkeit in m/sec in der Héhe von 200 cm. 


Wie es schon bekannt ist, ibt der Wasserbehilter auf die Feuchtigkeit und 
Temperatur der Luft einen Einfluss aus. 

Darum ist die Anwendung der oben erwihnten Formeln des Warmeumsatzes 
durch Verdunstung und Konvektion zu den Materialen der Standartbeobachtungen 
von zu Lande liegenden meteorologischen Stationen ohne Korerktureinleitung nicht 
mo6glich. Diese Korrekturenberiicksichtigen den Einfluss eines Wasserbehalters auf 
die Feuchtigkeit und Temperatur der iiber ihm liegenden Luft. 

Die Grésse dieser Korrekturen wurde nach den Forschungsmaterialen des Zentral- 
instituts fiir Prognosen von Konowodow (°) bestimmt. 

Auf der Zeichnung 5 ist der Einfiuss der Wasserbehiiltersbreite auf die Feuch- 
tigkeit und Temperatur der uber dem Wasserbehilter liegenden Luft gezeigt. Es 
steilte sich heraus, dass der Einfluss eines Wasserbehilters, also die Korre 
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kturen, 


|-100 


Zeichn. 5 — Die Veranderung der Temperatur und Feuchtigkeit der Luft tiber 
dem Wasserbehialter im Zusammenhang mit seiner Breite. 
1 — Lufttemperatur, 
2 — Luftfeuchtigkeit. 


verschieden sein kénnen, wenn die Lufttemperatur hoher oder tiefer als die Wasser- 
emperatur ist, und die absolute Feuchtigkeit héher oder niedriger als die die Luft 
pei der beobachteten Wassertemperatur sittigende Feuchtigkeitgr6Be ist. Je grdésser 
lie Breite eines Wasserbehilters ist, desto grésser die Korrektur wird, anfangs — 
chneller, dann — langsamer. 

In die Formein von Saikow (7) fiir die Warmeumsatzberechnung durch Verdun- 
tung und Konvektion ist die Windgeschwindigkeit auf der Héhe von 2 m iiber dem 
asser eingeschlossen. Anstatt der Windgeschwindigkeit in dieser Formel 
vurde die Windgeschwindigkeit in der Héhe eines Fliigers der meteorologischen 
station (in der Héhe von 9-11 m iiber dem Boden) gestellt. Solches Ersetzen ist darum 
ndglich weil die Windgeschwindigkeit itiber dem Wasserbehalter auf 1,2 Mal grésser 
Js liber der dem Windeinfluss untergeworfenen zu Lande liegenden meteorologischen 
tation ist, und zwischen der Windgeschwindigkeit in der Hohe eines Fliigers und 
er Geschwindigkeit in H6he von 2 m iiber dem Boden fast gleiche Geschwindigkeits- 
erhaltnisse stattfinden. 

Die Berechnungsgenauigkeit der mittleren Wassertemperatur nach dem oben 
eschriebenen System wurde durch die Gegeniiberstellung der ermittelten Temperatur 
er beobachteten mittleren Wassertemperatur auf der Pirogowski FlusBtrecke des 
-lasminskoje Stausees gepriift. (H = 9,2 — 9,3 m). 

Mit absicht der Nachpriifung wurden einmal in der Woche im Herbst vom 
ahre 1952 bis 1955 Herumfahren der FluBstrecke und oftmalige Temperaturmessungen 
es Oberflachenwassers und der Flu8streckentiefe durchgefiihrt. Diese Messungen 
aben die Moglichkeit mittlere Wassertemperatur einer FluBstrecke zu bestimmen. 
ie meteorologischen Angaben fiir die Berechnung des Warmeumsatzes wurden im 
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Aerologischen Zentralobservatorium, die sich in iener Entfernung von 12 km zum 
Westen von der Pirogowski FluBstrecke befindet, genommen. 


Im Durchschnitt fallen die berechneten und die beobachteten Temperatur- 
anderungen des Wassers zusammen. Aber fiir einzelne Periode waren die Unterschiede 
bedeutend: von + 0°,40 bis- 0°,57. Das wird von uns als Folge einer schlechten 
Reprasentativitat der Fliigeranzeigen des Observatoriums fiir die Bedingungen eines 
Wasserbehalters erklart. 


Wir interessieren uns fiir die Zufrierensdata eines Wasserbehilters. Zum Moment 
des Eisstandes ist die Mitteltemperatur des Wassers gewohnlich hodher als 0°. Die 
Temperaturgrésse hangt von den Wetterverhiltnissen, von der Tiefe und von der 
Schiitzung vom Windeinfluss eines Wasserbehilters ab. 


Z.B. Pirogowski FluBstrecke, die die mittlere Tiefe 9,2 — 9,3 m und die Breite 
| km hat, bedeckte sich mit Eis in den Jahren 1953-1956 bei der Mitteltemperatur 
des Wassers 0,3° + 0,5°. 


Mehr seichte und breite [wanjkowskoje Stausee (H = 7-—9 m, B = 5— 6 Km) 
bedeckte sich mit Eis bei folgenden Mitteltemperaturen des Wassers: im Jahre 
1938 -bei 0°,15; 1939 -bei 0°,27 und 1940 -bei 0°,12. 


Bei einem stillen frostigen Wetter erfolgt das Eisstand bei relativ hohen Mittel- 
temperaturen des Wassers; bei einem windigen Wetter mit einem schwachen Frost 
aber ist die Uberkiihlung des Wassers auf die ganze Tiefe und die Eisbildung inner- 
halb des Wassers moéglich, wie es schon einige Male in Iwankowskoje Stausee vor 
sich ging. 

Es wurde die Gegeniiberstellung der Eisstandtermine einer Reihe von Wasser- 
behalter mit den fiir diese Wasserbehilter ermittelten Data der Wasserabkiihlung 
bis 0° erfillt. Diese Gegeniiberstellung hat gezeigt, dass mehr tiefe Hg 25 
— 9,2 m) und schmaler (B~2 km) Pereborski Bucht des Rybinskoje Stausee sich 
mit Eis auf 1-2 Tage frither bedeckt, als man nach der Berechnung den Termin der 
Wasserabkihlung bis 0° bekommt. Zu gleicher Zeit erfrieren die breite, aber nicht 
tiefe Raume der Rybinskoje (bei dem Insel Mologa) und Tsimljanskoje Stauseen 
(héher Krassnaojrskoje) und die nicht tiefe Pskowskoje See (bei den Insel _ Salita 
und Lissje) besonders oft nach dem Temperaturiibergang iiber 0°; in einigen Fallen 
aber viele Tage spater. 


Fir solche Wasserbehalter fallt der Ubergang der Wassertemperatur tiber 0°, 
als Regel, mit dem Anfang des Eisganges oder mit der Grundeis zusammen. 


Das ist offensichtlich, dass fiir das Eisstandeintreten bei diesen Verhaltnissen 
eine Eissammlung und sein Zusammenfrieren mit den Ufern notwendig sind, worauf 
Zeit und eine fortwahrende Warmeabgabe notig sind. Wenn aber nach dem Tempe- 
raturiibergang iiber 0° in kurzer Zeit eine Temperatursteigerung auftritt, dann beginnt 
das Eisstandeintreten bei dem ndchsten Temperaturriickgang, der manchmal viele 
Tage spater auftritt. Gerade in diesen Jahren entsteht eine grosse Differenz in den 
Ubergangsterminen der Wassertemperatur iiber 0° und in den Daten des Eisstandes. 


Man muss also die Eisstandtermine auf den Stauseen mit der Berechnung der 
Wassertemperatur, Wetterverhaltnisse, der Grosse und der Tiefe der Wasserbehalters 
bestimmen. Als Beispiel einer solchen Abhangigkeit fiir die Bestimmung der Eisstand- 
termine wird die Zeichnung 6 angefiihrt. Diese Zeichnung erméglicht die Eisstand — 
termine auf den Stauseen mit einer Mitteltiefe 7-10 m zu bestimmen. 


Bei der Zusammenstellung der Zeichnung 6 wurde eine grosse Anzahl der 
berechneten und relativ nicht grosse Anzahl der beobachteten Mitteltemperaturen 
des Wassers von Iwanjkowskoje, Rybinskoje, Klasminskoje und Tsimljanskoje Stauseen 
ausgenutzt. Ausserdem wurden alle auf den MefBstellen beobachteten Eisstandtermine 
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Zeichn. 6 — Wassertemperatur, Lufttemperatur, Windgeschwindigkeit und Eiser- 


scheinungen auf den Stauseen. 

Iwanjkowskoje Stausee, die Mitteltiefe 7,6—9,5 m. 

1 — Eisstand, 2 — rein oder Salo (Die an der Oberfliche flieBende Zusammen 

gefrorene Eiskristalle) Pirogowski Flussstrecke des Stausees Kljasminskoje, die 
Mitteltiefe 7,3—8,2 m. 

3 — Eisstand, 4 — rein oder Salo. 

Die Bucht Pereborski des Stausees Rybinskoje, die Mitteltiefe 7,3—8,6 m. 

5 — durchgehender Eisstand, 6 — Eisstand stellenweise, 7 — rein oder Salo. 
Der Stausee Tsimljanskoje, die Mitteltiefe 7,7—9,5 m. 

8 — Eisstand, 9 — Hisgang, 10 — rein oder Salo. 

ree den Punkten — die Windgeschwindigkeit auf der meteorologischen 
tation. 


und die Angaben der Lufttemperatur und Windgeschwindigkeit der nachstliegenden 
meteorologischen Stationen benutzt. 

Man muss anmerken, dass die Angaben gewohnlicher Temperaturbeobachtungen 
bei den Ufern der Stauseen und an den MeBstellen fiir die Schétzung des ther- 
mischen Zustandes solcher Wasserbehalter wegen ihrer Unreprasentativitdt nicht 
brauchbar sind. Die Mitteltemperatur des Wassers fiir wenig durchfliessende 
Wasserbehalter kann man mittels vielmaliger und ausfiihrlicher Beobachtungen in 
verschiedenen Stellen und Tiefen bekommen. 

Auf Grund des beschriebenen Systems wurden die Eisstandtermine fiir eine 
Reihe der neugeschaffenen Stauseen bestimmt. 

In der Tabelle 1 sind die berechnete jahrliche Eisstandtermine fiir ein tiefes 
Nebendammgebiet und fiir einen oberen nicht tiefen Teil des Kuibyschewskoje 
Stausees wahrend einer Jahresreihe im Vergleich zu den in jene Zeit auf dem Fluss 
beobachteten Eiserscheinungen gegeben. 

Man kan sehen, dass der Eisstand auf einem Stausee stark ausgedehnt in den 
Zeit wird. Zuerst beginnen obere nicht tiefe Gebiete (H = 4 m) zu erfrieren, und 
zwar in die dem Eisgang auf den Flussen Wolga und Kama in natiirlichen Zustand 
nahe Termine und in bedeutend friihere Termine im Vergleich zu den Eisstandter- 
minen auf einem Fluss. 

Das tiefe Nebendammgebiet (H = 17 m) wiirde sich in den betrachteten Jahren 
viel spater als die oberen Gebieten und in gewohnlich spatere Eisstandtermine, als 
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die an der Wolga in diesem Gebiet, mit Eis bedecken. Man muss unterstreichen, 


dass man dieselben Ergebnisse bei 


der Bestimmung der 


TABELLE 1 


Mitteldata ermittelt. 


Die berechneten Eisstandtermine fiir den Stausee Kuibyschewskoje. 


Nebendammgebiet H = 17 m. 


Anfangs- Datum Eisstand- Anfangsdatum Anfangsdatum 
Berech- temperatur der datum des des Eisganges des Eistandes 
nungs- des Wasserab- Wasser- an der Wolga an der Wolga 
anfang Wassers  kiihlung behalters bei bei 
bis 0° Morkwaschi Morkwaschi 
1945 12/X 1b 2 29/XI 25/X1 9/X1 21/XI 
46 17/X 10,0 10/XII 5/XI 29/K 26/XI 
47 24/X 952 14/XI1 11/XII 23/XI 15/XII 
48 24/X 8,7 14/XII 8/XII 16/XI 8/XII 
49 29/X Wel 11/XII 12/XII 15/XI 4/XII 
50 20/X 13 15/XII 12/XII 22/XI 12/XII 
Auslaufer Kamsky. H=4m,. 
Anfangs- Datum Eisstand- Anfangsdatum Anfangsdatum 
Berech- temperatur der datum des Eisganges des Eisstandes 
nungs des Wasser des an der Kama_ an der Kama 
anfang Wassers abkiihlung Wasser- bei bei 
bis 0° behalters Tschistopol. | Tschistopol. 
1945 11/IX 14,4 25/X-6/XI} 9/XI1 24/X 17/XI 
46 17/1X 14,3 24/X 26/XI 25/X 24/XI 
47 _.26/IX 10;6 =~ -5/X1-22/ x14 225)X1 8/X1-24/XI 8/XII 
48 1/X 10,2 14/XI 15/XI 14/XI 7/XI1 
49 26/IX 10,8 12/XI 12/XI 15/XI 27/XI 
50 26/IX its 3/XI 5/XI 3/XI 24/XI 


VS 


(*) Die Temperatursteigerung der Luft am Tage der Wasserabkiihlung bis 0°; 
infolgedessen begann die Temperatursteigerung des Wassers bis 0° und der 
endgiiltige Temperaturiibergang tiber 0° erfolgte im Datum, das im Nenner 


vorgeschrieben ist. 
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Die BESTIMMUNG DER JAHRLICHEN REINIGUNGSTERMINE. 


Die jahrlichen Reinigungstermine der neugeschaffenen Stauseen bei den meteoro- 
logischen Verhaltnissen vorigen Jahre wurden nach der Warmebilanzmethode fest- 
gestellt. : 

Die Reinigungstermine wurden durch die Gegeniiberstellung der fiir das Tauen 
einer Schnee und Eisdecke eines Wasserbehilters notwendigen Warme der Wiarme- 
bilanz dieses Wasserbehilters mit dem umliegenden Raum ermittelt. 

80 (pn Aa + Oca hen + Oc Ac) = OT; (10) 
Wo hy hea he bzy, die Dicken eines gewohnlichen Eises, eines Schneeeises* und eines 
auf dem Eis liegenden Schnees sind und 

Ons Oca’ Oc bzy, ihre Dichte. 


h moke 
100c™ 


oS 


30 


ra) 3 lH 
Oo -500 M000 ~ 1/500 iy 
Zeichn. 7 — Der Zusammenhang zwischen der maximalen Eisdicke und der 


Tagessumme negativer Luftmitteltemperaturen fiir die Eisstandperiode. 
1 — auf dem Fluss Wolga bei Dubowka. 

2 — auf dem Stausee Rybinskoje. 

3 — auf dem See Ilmen. 


* Das Eis welcher sich bei dem Gefrieren der mit dem Wasser ersattigten Schnees bildet. 


253 


Solche Detaillierung bei der Bestimmung des Eismaterialbestandes ist nur bei 
den Beobachtungen auf den existierenden Wasserbehilteren méglich. Fiir die zukunf- 
tigen Stauseen ist nur eine annahernde Berechnung dieser Gréssen méglich. Fur 
diese Zwecke wurde die Abhangigkeit (7) zwischen der maximalen Eisdicke vor dem 
Tauenanfang und der Summe negativer Mitteltemperaturen der Luft in vierundzwanzig 
Stunden fiir die Eisstandperiode festgestellt.Diese Abhangigkeit wurde nach den 
Angaben iiber die mittlere Maximaldicke von Eis auf den Messstellen von Rybinskoje 
Stausee, Ilmen See und anderen aufgestellt. Diese Abhangigkeit erméglicht die 
Maximaldicke einer Eisdecke mit Genauigkeit ++ 15 % der zu bestimmenden Grosse 
zu ermitteln. Heutzutage werden die Forschungsarbeiten mit absicht der Prazisierung 
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eich o = Durchdringen der Sonnenstrahlung durch Eisdecke ins Wasser im 
Zusammenhang mit der Eisdicke. 
1 —die Angaben von Kalitin fiir die gerade Radiation bei Schnee- un 
Eisschneefehlen. 
2 — die Angaben von Arssenjewa (*°) fiir den zweite See in Oserki. 
3 — die Angaben fiir den Stausee Kljasminskoje fiir das Jahr 1954. 
4 — die Angaben fiir den Stausee Kljasminskoje fiir das Jahr 1955. 
5 — die Angaben fiir den Stausee Kljasminskoje fiir das Jahr 1956. 

6 — die Angaben von Kalitin und Arssenjewa (7°) bei dem Vorhandensein des) 
e Hine Cae oe A 
— die Angaben von O. Devik (1) fiir den Fall des idealenreinen Ej i 
den Punkten ist die Albedogrésse einer Eisdecke eingeschrieben. ses. 
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dieser Abhangigkeit durchgefiihrt. Das wurde hauptsachlich mit Hilfe der Statistik 
des Schneeeises, dieser gewohnlichen Erscheinung auf den Wasserbehiltern des 
Nordens und des Zentrums Europdischen Teils der UdSSR ermOglicht. Der Eis- 
deckenwarmeumsatz in die Frithlingsperiode wurde mit der Berechnung von vier 
Hauptbestandteile — der globale Sonnenstrahlung, der effektiven Ausstrahlung, 
Verdunstungo der Kondensation und des konvektiven Warmeumsatzes ermittelt — 
ebenso wie bei den Berechnungen der Abkiihlung eines Wasserbehalters, aber mit 
der Berechnung einiger Besonderheiten des Tauenprozesses einer Eisdecke. 

; So ist fiir den Friihling das Durchdringen der Sonnenstrahlung unter das Eis 
(ins Wasser) sehr wichtig, da ein Strahlungsanteil auf die Wasserwirmung verbraucht 
wird. Im Frihling schwankt Albedo der Eisdecke stark. Eine grosse Bedeutung 
hat die Warmezufuhr zur Eisdecke von unten (vom Wasser), welche von der 
Eistauen von unten hervorgerufen ist. 

Fiir die Klarung dieser Momente wurden in den Jahren 1954 —1956 Speziall- 
beobachtungen auf der Pirogowski Flusstrecke des Klasminskoje Stausees durch- 
gefiihrt. Auf der Zeichnung 8 ist das Durchdringen der Sonnenstrahlung durch 
Eisdecke verschiedener Dicke im Friihling beim Schneefehlen auf der Eisoberflache 
gezeigt. Beim Vorhandensein von Schnee auf dem Eis dringt die Radiation ins Wasser 
fast gar nicht durch und spiegelt sich hauptsachlich wieder. Eine grosse Bedeutung 
fiir das Radiationsdurchdringen ins Wasser hat das Schneeeis. da das letzte die Radiation 
stark aufsSaugt. In Wirklichkeit dringt eine bemerkbare Menge der Sonnenstrahlung 
ins Wasser durch und erwarmt es nur nach dem Schnee-und Schneeeistauen. Aber 
die Menge der ins Wasser durchdringenden Radiation fiir die Tauenperiode eines 
Wasserbehilters ist héchstens auffallig. Das wird weiter gezeigt. 

Die Eisdeckenalbedo ist im Laufe des Friihlings sehr verschieden. Sie hangt 
vom Vorhandenszin yon Schnee, Schneceis, Wasser auf dem Eis und vom Zerstérungs- 
prozes einer Eisdecke ab. Bei einem neugefallenenen trockenen Schnee ist die Albedo 
gross (70—80 %). Nach der Schneefirnisation und nach dem Erscheinen ihm Schnee 
einer nicht grossen Menge von Wasser senkt Albedo bis 60 %- (aber nicht weniger 
als 50%). Im Schneetauenprozess sattigt sich der Schnee mit Wasser, und 
das letzte erscheint auf der Eisdeckenoberflache. Die Albedo des Wassers und des 
mit Wasser gesattigten Schnees, unter welchem noch Schneeeis liegt, ist nicht gross 
(bis 20%). 

Nach dem Wasserabfluss unter das Eis nimmt die Albedo wieder zu und erreicht 
Jie Grosse von 30%. Das ist dadurch zu erkliren, dass auf der Oberflache Schneeceis 
iad Schneereste liegen. Ferner hangt die Albedo eines schmelzenden Schneeeises 
yon seinem Sattigungsgrad mit Wasser ab: beim Vorhandensein einer grossen 
Wassermenge nimmt Albedo bis 20% ab, und bei dem Wasserabfluss unter das 
=is nimmt Albedo bis 30% zu. 

Sehr stark verringert sich Albedo (bis 10—15 %) und vergrosst sich das Radiation- 
‘archdringen ins Wasser bei dem Hinausgehen Kristalleises auf die Oberfliche. 
‘a diese Periode bemerkt man, dass das Eis dunkel wird. Spadter nimmt Albedo 
angsam ab und erreicht die fiir die Wasseroberflache charakteristischen Grossen 
7—9 %; und das Radiationdurchdringen ins Wasser nimmt zu. 

Bei der Bildung einer kompakten Schneedecke auf dem Eis im Friihling kehren 
Albedo und Radiationdurchdringen mit einem Sprung zu den fiir diese Verhiiltnisse 
sewOhnlichen Gréssen zuriick : Albedo betragt 60—70 % und das Radiationdurch- 
lringen wird fast nicht bemerkbar. 

In der Tabelle 2 sind die Gréssen yon Albedo einer Eisdecke und das Radiation- 
lurchdringen ins Wasser fiir die ganze Tauenperiode auf dem Klasminskoje Stausee 
nach den Angaben des Autors) und auf dem See Oserki bei Leningrad im Jahre 
1941. (Nach den Angaben von Arssenjewa (1°) gegeben. 
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TABELER 2 


Das Jahr Die Albedo Das Durchdringen der Die Albedo + Durchdringen 


YA Radiation ins Wasser der Radiation 
o;/ °° 
/o ilgtd oe % hs 
1941] 28 16 44 
1954 22 23 45 
1955 26 18 44 
1956 20 EDD 42 


Fiir langwierige Friihlinge mit oftigen Schneefallen (1941) und fiir die Eisdecke 
mit einer dicken Schneeeisschicht (1955) war Albedo grésser als in anderen Jahren. 
Das Radiationdurchdringen ins Wasser In solchen Jahren war verkleinert. In der Summe 
betrugen Albedo und Radiationdurchdringen etwa 44%, und diese Summe war 
von Jahr zu Jahr stabil. 

Bei den Berechnungen des Eisdeckenabtauens haben wir angenommen, dass 
die Eisdecke 55 % auf den Eis fallender globalen Sonnenstrahlung einsaugt. Vielleicht 
ist diese Grésse verkleinert, weil ein Teil der mit oberen Wasserschichten eingesaugten 
Sonnenstrahlung auf das Eistauen von unten verbraucht wird. 

Der Warmestrom vom Wasser zur Niedergrenze einer Eisdecke wurde von uns 
auf den speziellen Anlagen studiert. Dafiir wurde die Eisdecke mit einer dicken 
Schneeschicht von oben belastet, oder wurde die obere Eisschicht beseitigt; infolge- 
dessen trat das Wasser aufs Eis und tiberschwemmte es von oben. Auf solche weise 
wurde das Eis mittels eine Wasserschicht vom dusseren KAlteeinfluss isoliert. Die 
Eistemperatur wurde 0°, und der ganze vom Wasser zur Untergrenze der iiberschwemm- 
ten Eisdecke gerichtete Warmestrom rief das Tauen hervor. Das Tauen wurde mit 
Hilfe der genauen Latte von einem stindigen Pegel der in den Eis eingefrorenen 
Pfalen bestimmt. 

Auf der Pirogowski Flussstrecke wurden die Gréssen einer Warmezufuhr zur 
unteren Eisgrenze fiir die ganze Periode des Eistauens bestimmt. 

Im Jahre 1955 betrug diese Grésse 770 Kal/cm?; im Jahre 1956—940 Kal/cm* 

Bei den Berechnungen der effektiven Ausstrahlung, der Verdunstung und des 
konvektiven Warmeumsatzes ist es notwendig die Temperatur der Eisdeckenober- 
flache zu haben. Fiir solche Temperatur wurde 0° bei einer positiver Lufttemperatur 
angenommen, d.h. dass man vermutete, dass bei diesen Verhdltnissen die Eisdecke 
von der Oberflache taut. Bei einer negativen Lufttemperatur vermutet man eine 
gleiche Temperatur fiir die Eisoberflache und fiir die Luft. Diese Annaherung in 
den Temperaturen ist sichtbar, da die Temperatur einer Eisoberfliiche von den 
Gesammtbedingungen des Wirmeumsatzes abhangig ist, wie das O. Devik (1) und 
spezielle Beobachtungen des Autors gezeigt haben. Aber die infolgedessen entstehen- 
den Fehler sind nicht gross, darum kann man sie vernachlassigen. 

Die Brauchbarkeit des oben beschriebenen Systems wurde durch Erfahrungs- 
berechnungen der Reinigungstermine von Rybinskoje, Tsimljanskoje und Klasmins- 
koje Stauseen und Tschudskoje, Pskowskoje und Ilmen Seen fiir eine Jahres reihe 
gepriift. Die meteorologischen Angaben fiir diese Berechnungen wurden von den 
nachsten zu Lande liegenden meteorologischen Stationen genommen. Der Wirmeum- 
satz wurde vom Tage des Friihlingsiiberganges der Lufttemperatur tiber 0° nach den 
viermaligen meteorologischen Terminbeobachtungen berechnet. Dic vierundzwanizg — 
Stunden, von denen an die nach der Warmebilanz berechnete summare Warmezufuhr 
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zur Eisdecke eine fiir Eistauen notwendige Warme zu uberschreiten begann, wurden 
fiir das Reinigungsdatum gehalten. Die wirklichen Reinigungstermine wurden nach 
den Beobachtungsangaben der Messstellen festgestellt. 

Die Kontrollberechnungen haben gezeigt, dass die berechneten Reinigungs- 
termine fiir breite Teile der Stauseen und der Seen auf 1—6 Tage friithrer der beobachte- 
ten Data einer vollen Reinigung waren. Die Berechnung gibt dem Schiffahrtanfang 
nahere Data, weil die vom Wind zum Ufer gedriickten Eisreste gew6hnlich hier 
bis Ende tauen. Zu dieser Zeit sind schiffbare, vom Ufer entfernte Trassen eisfrei, 
und auf den letzten schon die Schiffahrt efolgt. Die berechneten Reinigungstermine 
fiir solche schmale Wasserbehilter wie Pereborski Bucht (B~2,0 km) und Pirogowski 
Flussstrecke des Klasminskoje Stausees (B~U1 km) gingen auseinander, und die 
Differenz war + 3 Tage. 

Nach der oben erwahnten Methodik wurden die Reinigungstermine fiir einige 
sich zu spat reinigende breite Teile einer Reihe neugeschaffener Stauseen bestimmt 
In der Tabelle 3 sind diese Termine in den Jahren 1945—-1950 fiir den Kuibyschewskoje 
Stausee im Bezirk seiner Erweiterung bei Uljanowsk im Vergleich mit den Anfangs- 
terminen des Eisganges und der Reinigung der Wolga, gegeben. 


TABELLE 3 


Die berechneten Reinigungstermine des Stausees Kuibyschewskoje bei Uljanowsk im 
Vergleich mit den Daten des Eisganganfanges und der Reinigung yom Eis. 


—_—_—_————————— eee 


Summe Luft- Fir Berechnete Termine fiir Wolga Differenz 
Jahr temperaturen  Eistauen Termin bei Uljanowsk in den Ter- 
fiir die Eis- notwendige der minen fiir 
standperiode Warme Reinigung - Wolga und 
‘ cal/cm? Eisgang Reinigung fiir Stausee 
1945 —1726 7600 11/V 23/1V 1/V 10 
1946 —1403 6800 2/V 24/1V 1/V 1 
1947 —1492 7200 27/1V 5/IV 17/1V 10 
1948 1136 6000 2/V 18/I1V 29/1V 33 
1949 —1032 5760 1/V 16/1V 29/1V 2 
1950 —1500 7200 28/1V 16/IV 24/1V 4 


Die Reinigung des Kuibyschewskoje Stausees wird spater erfolgen. als die an 
der Wolga. Im Falle eines schnellen Friihlings nahren sich die Termine, und im Falle 
eines Temperaturriickganges nach der Flussreinigung erfolgt die letzte mit einer 
Verspatung bis 10 Tage. (In den Jahren 1945—1947). 

Diese Berechnungen gaben die Méglichkeit das Regime der Eisstand und 
Reinigungstermine fiir einige neugeschaffenen Stauseen auf den Fliissen der USSR 
zu charakterisieren und eine Reihe der fiir die Ausarbeitung der Methodik fiir die 
langfristige Vorhersage dieser Erscheinungen notwendiger Termine zu ermitteln. 
Die vorgeschlagene Berechnungsmethodik kann auch fiir die Bestimmung der Eisstand- 
und Reinigungstermine solcher Seen und Stauseen, fiir welche es keine Eisbeobach- 


tungen gebe, verwendbar sein. 
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ETUDE SUR LE GEL DU SOL 


STEPHANE HENIN 
* (France) 


RésSUME 


_ Si l'étude du gel présente un intérét particulier dans les régions a climat trés 
froid, cette étude présente également une certaine utilité dans les régions a climat 
tempéré. Non seulement les phénoménes intéressent au plus haut point l’agriculture, 
mais se présentant avec moins d’intensité, il est possible d’en mieux saisir les détails. 

Le sol géle de deux maniéres nettement différentes suivant son état. En milieu 
compact et relativement sec de petits cristaux de glace se forment qui cimentent les 
éléments du sol. En milieu plus humide, il se forme en outre de véritables lamelies 
de glace. Les phénoménes de soulévement sont alors modérés. Dans les terres meubies 
constituées par des agrégats distincts, il se développe entre les particules de terre 
des cristaux de glace en aiguilles. En milieu trés humide, ces cristaux peuvent se 
développer d’une maniére trés considérable entrainant des phénoménes de soulévement 
importants. ; 

— Mesure de soulévement de la terré dans ces différentes conditions. 

— Comportement des pierres suivant leur nature. 

— Etude de la compression exercée dans le sol. 

— Influence sur la structure du sol. 


L’étude du gel du sol présente du point de vue pratique un intérét trés général. 
Ila une action sur les roches qu’il fait éclater, il modifie le sol et détériore les ouvrages 
d’art, les routes en particulier. Il provoque de graves dégats sur les cultures qui 
passent l’hiver en terre. Enfin, il prépare les phénoménes d’érosion tant par le vent 
que par l’eau. En climat froid ces effets sont considérables. 

Nous avons effectué une série de recherches dans la région parisienne et dans 
le Centre de la France, c’est-a-dire sous des climats ot les hivers ne sont généralement 
pas tres rigoureux et ol. cependant les dégats dus au gel se man:festent d’une maniére 
notable. 


ACTION DU GEL SUR LA DISTRIBUTION DE L’EAU DANS LE SOL: 


Bien que ce ne soit pas toujours 1a le phénoméne le plus visible, l’action du gel 
provoque toujours une modification dans la distrigution de ’humidité. Celle-ci tend 
a augmenter et parfois d’une maniére considérable dans la zone gelée. Le tableau I 
fait apparaitre ce phénoméne. II s’agit d’un sol de limon contenant 18 % d’argile et 
3% de matiére organique d’une part, et d’un sol calciare renfermant 15% d’argile 
et 10 % de carbonate de calcium. Ces matériaux ont été placés dans des pots de 40 
cm de hauteur, enfouis en terre de maniére que leur niveau affleure celui du sol 
environnant et avant le gel le fond du pot couvert de sable grossier avait été saturé 
d’eau. On constate une élévation considérable de l’humidité de la couche gelée alors 
que les couches sous-jacentes présentent une légére diminution d’humidité dans le 
cas de V’horizon A et une légére augmentation dans le sol calcaire. Toutefois, dans 
les deux séries d’essais la couche inférieure située un peu au-dessus du plan d’eau 
est restée a la méme humidité. Ceci montre que les variations d’humidité de la couche 
gelée ont du se faire au moins en partie par remontée de l’eau provenant du plan 


d’eau de la couche de sable. 
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TABLEAU | 


Humidité a différentes profondeurs dans deux types de sol 


Horizon A Sol calcaire 
non gelé gelé non gelé gelé 
Surface 29,9 51,0 24,1 63,3 
Courbe sous-jacente 30,6 28,3 24,8 26,6 
Mi-profondeur 31,9 30,7 25,6 Dal 
Fond 3583 35,2 27,3 WS) 


Le phénoméne est toutefois identique en l’absence de plan d’eau et GESLIN (*) 
avait déja montré que dans le sol de Versailles en place l’accroissement d’humidité 
dans la couche gelée s’effectuait aux dépens de Vhumidité des couches profondes. 

Cette succion qui s’exerce sur l’eau au moment du gel apparait trés nettement 
quand on mesure le niveau du plan d’eau avant, pendant et aprés la période froide. 
MASCHHAUPT (*) avait observé pendant des hivers particuligrement rigoureux que le 
plan d’eau de ses lysimétres situés 4 1 métre de profondeur subissait des rabattements 
pouvant atteindre 29 cm pendant les périodes de grand froid. Pendant V’hiver 1956-57, 
nous avons pu observer a Versailles des abaissements de 30 cm pour des plans d’eau 
situés 4 50 cm et | métre et des températures minima de —7° 4 —8°. Pour un plan 
d’eau situé au voisinage de la surface l’abaissement a atteint 60 cm pour les mémes 
temperatures. 

Cet ensemble de résultats qui confirme ceux obtenus par d’autres auteurs met 
clairement en évidence un premier aspect du mécanisme du gel qui se traduit par 
un mouvement de bas en haut de I’eau contenue dans le sol. L’effet est d’autant plus 
marqué que le plan d’eau est situé prés de la surface du sol. 


CAUSES DU MOUVEMENT DE L’EAU: 


On a cherché la cause de ce phénoméne. L’explication parait étre la suivante. 
Le passage de l’eau a l'état de glace équivaut a une dessiccation puisque le liquide 
n’étant plus susceptible de se mouvoir n’exerce plus sa pression hydrostatique. Ily a 
donc une tendance au mouvement per ascensum analogue a celui qui se manifeste 
au cours de l’évaporation. Il faut toutefois remarquer une différenee sensible entre 
Vaction du gel et celle de l’évaporation, c’est la vitesse du déplacement de l’eau dans 
le premier cas. En fait, ce qui parait limiter les mouvements des liquides sous l’in- 
fluence de la sécheressse c’est la baisse rapide de la conductibilité a mesure que 
Vhumidité décroit. Il semble qu’au contraire lors de l’action du gel, ’-humidité ne 
diminue pas d’une fagon sensible et que la conductibilité restant élevée eau puisse 
se déplacer rapidement (KRETSCHMER (°)). Il semble que l’on puisse attribuer l’aspect 
particulier de l’action du gel au fait que l’eau n’est pas extraite du sol, elle reste 
sur place sous forme de glace au lieu d’étre perdue a l’état de vapeur. II s’ensuit que 
les variations d’humidité que l’on observe peuvent rester du méme ordre que celles 
qui se manifestent au début du phénoméne d’évaporation, les quantités accumulées 


sous forme de glace restant du méme ordre de grandeur que celles qui sont perdues 
a état de vapeur. 
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Il faut, enfin, ajouter qu’en présence de plan d’eau a faible profondeur le probléme 
n’a plus de sens car les gros capillaires pouvant se remplir a partir de la nappe d’eau 
libre, la conductibilité reste élevée. 

On a parfois imaginé que le déplacement de l’eau s’effectuait a l’état de vapeur. 
On peut montrer que c’est par alimentation des cristaux a partir d’eau libre que 
s’effectue accumulation dans certains points du sol (S. HENIN, L. Locusso et 
O. RoBICHET (‘)). ; 

Si lon dispose une bougie poreuse pleine d’eau en l’enfoncant a 1a base dans 
un terrain humide de maniére a ce que le liquide reste enfermé a l’intérieur, on cons- 
tate qu’aprés une nuit de gel celle-ci est recouverte d’une couche de glace. Si au 
contraire toute ou partie de la surface poreuse est enduite d’un corps hyrophobe la 
couche de glace n’apparait que sur les surfaces qui n’ont pas été enduites. Ainsi, 
le développement des cristaux de glace parait bien liés a une alimentation directe 
par la réserve d’eau. D’ailleurs lorsqu’on examine les aiguilles de glace qui naissent a 
la surface du sol, on constate qu’elles ont englobé de petits fragments de terre ce 
qui exclue une formation par condensation d’eau. 


EFFETS PRODUITS SUR. LE SOL: 


L’un des effets les plus évidents est le soulévement du niveau du terrain sous 
Vinfluence du gel; l’importance de ce soulévement est extrémement variable. Il ne 
dépend pas nécessairement de l’abaissement de la température, mais plutét de la 
fagon dont cet abaissement s’établit. Nous reproduisons dans le tableau II les varia- 
tions de niveau d’une surface de terre meuble et d’une surface de terre tassée. On 
constate que les effets ne sont pas trés différents. Tout au plus les faibles gelées sont- 
elles un peu plus marquées en sol non tassé. En plus des variations de niveau 
consécutives aux périodes de gel et de dégel, en observe un affaissement moyen conti- 
nu de la surface qui est évidemment beaucoup plus prononcé quand le terrain n’était 
pas tassé au départ. 

Il semble que l’on puisse attribuer ces irrégularités a la fagon dont s’accumule 
eau gelée. 

On peut distinguer deux cas extrémes (°): en terre trés tassée, il se forme des 
lames de glace qui s’intercalent par couches a epu prés horizontales dans le terrain. 
Dans les terres meubles, motteuses, il se forme entre les particules de terre des aiguilles 
de glace qui se développent plus ou moins. Il semble que ce soit dans ces conditions 
que l’on obtienne les soulévements les plus importants. En particulier, en so! humide, 
il est fréquent de constater pour de petits abaissements de température des souléve 
ments notables de l’ordre de 2 ou 3 cm n’affectant qu’une couche de sol d’une assez 
faible épaisseur. Ces accidents exercent une influence particuligrement marquée sur 
les cultures et peuvent provoquer le déchaussement des végétaux, en particulier des 
céréales d’hiver. On aura une idée de l’effet de soulevement en examinant l’action 
d’une série de gels et de dégels sur des piquets de bois (tableau II). 

Il semble assez facile d’expliquer cette formation de cristaux en aiguilles. En 
effet, dans une terre meuble, il y a une certaine discontinuité de la température du 
sol quand celui-ci est formé d’agrégats bien distincts. I] s’ensuit qu’a un niveau 
donné les particules de terre sont a une température suffisamment basse pour provoquer 
la congélation, alors que les particules de terre sous-jacentes sont encore a une tem- 
pérature encore un peu supérieure. La glace se forme donc au contact des grains les 
plus froids et se développe a partir de l’eau extraite des particules les plus chaudes 
On peut mettre nettement en évidence cet effet de dissymétrie par l’expérience sui- 
vante : si l’on enfouit dans une terre humide une surface poreuse, par exemple un 
fragment de brique de maniére qu’un film d’eau vienne affleurer la surface, ce film 
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d’eau se prendra en glace pendant les nuits froides et aura tendance a €paissir, mais 
formera une couche paralléle 4 la surface de la brique. Si, au contraire, on dépose 
quelques petits fragments de terre a la surface du film d’eau, on constate la formation 
d’un pédoncule de glace de quelques centimétres de hauteur Supportant l’agrégat 
de terre sous I’influence de l’abaissement de température nocturne. Cette expérience 
nous parait done démontrer le rdle de la discontinuité du milieu sur la formation des 
pédoncules de glace. 

On retrouve d’ailleurs cet effet dans le sol lui-méme au contact des pierres qui 
sont enfouies. Il faut toutefois distinguer deux cas : celui qui correspond a notre 
essai intéresse les matériaux compacts fragment de silex, quartzite etc... on observe 
qu’il se constitue a leur contact avec le sol des pédoncules de glacecomme dans 
Pexpérience que nous avons relatée. Ceci n’est toutefois exact que si la terre est elle- 
méme suffisamment meuble. 

Si la pierre ou le gravier sont constitués de matériaux poreux : calcaire, fragment 
de brique, ils s’entourent de manchons de glace formés par de I’eau extraite de la 
pierre et du sol, car l’épaisseur de glace est telle qu’il est peu vraisemblable que loute 
cette eau ait pu étre logée dans le fragment de roche consisidéré. 

Il est beaucoup plus difficile d’expliquer la formation des lentilles de glace. 
Certes, dans différents cas, on peut admettre que celles-ci prennent naissance dans 
une discontinuité du sol, mais dans certains milieux assez compacts on comprend 
assez difficilement l’existence de ces discontinuités. I] faut, d’ailleurs, souligner que 
le développement des lentilles de glace n’est pas toujours horizontal et il est fréquent 
de voir se développer a la surface du sol des séries de fissures rectilignes se raccordant 
a angle aigii et correspondant a des lamelles développées plus ou moins verticalement 

Nous pensons qu’il faut chercher l’explication de ce type de formation dans 
la dynamique du gel lui-méme. Quand le gel se produit sur un milieu homogéne le 
gradient de température étant vertical confére une certaine symétrie au milieu et 
Peau tend a venir s’accumuler au niveau de I’isoterme 0°. Au moment oti la glace 
commence a se former, il y aurait un retard a la pénétration de l’onde de froid favori- 
sant l’accumulation de [’eau, puis aprés une légére dessiccation des couches infé- 
rieures ralentissant la formation de glace l’onde de froid reprendrait sa progression 
Jusqu’a ce que se reconstituent dans le sol les conditions nécessaires a la formation 
dune nouvelle couche de glace. Cette explication ne vaut que si le milieu est suffi- 
samment homogéne et chaque hétérogénéité pourra se manifester en changeant la 
forme de la lentille de glace. En ce qui concerne les cristaux verticaux, on pourrait 
admettre que ceux ci s’amorcent dans les fissures provoquées par le gel des premiéres 
couches de terre. Il faut toutefois reconnaitre qu’il s’agit la d’hypothéses qui doivent 
€tre vérifiées par |’expérience. 

Par contre, l’influence de la vitesse de pénétration de l’onde de froidest tout 
a fait évidente. Si l’on ouvre une fosse dans la terre gelée, apres une assez longue 
période de froid, on constate que dans la couche supérieure du sol il ne s’est déve- 
loppés que de petits cristaux ou de pteites lentilles de glace intimement mélangés 
a la masse de terre. Au contraire, a la limite de la couche gelée, il tend a se développer 
soit des lamelles de glace continues, soit des couches de cristaux. L’épaisseur de 
ceux-ci dépend de la teneur en eau du sol. 

On retrouve d’ailleurs expérimentalement le méme aspect du phénoméne. Si 
nous reprenons |’expérience de la brique poreuse recouverte d’une lame d’eau et 
sil survient une période de gel intense, il ne se forme presque pas de pédoncules de 
glace parfois méme il ne s’en forme pas du tout, l’eau étant prise en masse avant d’avoir 
eu le temps de se déplacer. Ceci explique également que dans les zones humides il puisse 
Se constituer des cristaux dés glace qui poussent a la surface du sol, alors que !e sous- 
sol n’est pas gelé. Trés souvent, dés que I’humidité est un peu moins forte, la couche 
de cristaux se développe plus a la surface, mais sous une couche de terre de 
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quelques millimétres. Lorsqu’il existe une mince couche de feuilles reposant sur un 
sol humide, c’est souvent 1a que l’on observe les formations de cristaux de glace 
les plus importantes. 

On trouve souvent dans la littérature j’affirmation que le soulévement du sol 
est la conséquence de l’accroissement de volume consécutif au passage de l’eau a 
V’état de glace: c’est certainement inexact. En effet, d’aprés ce que nous venons 
d’exposer il est déja évident que les effets observés sont liés a une nouvelle distri- 
bution de l’eau au moment ot elle passe a |’état solide. Mais si le soulevement était 
seulement du a l’accroissement de yolume de ]’eau on devrait s’attendre a observer 
des compressions a l’intérieur du sol. Pour vérifier ce fait, nous avons laissé pendant 
tout un hiver des manométres constitués par des tubes de caoutchouc remplis der 
mercure et raccordés a des tubes de verre. Ce dispositif est assez sensible et permet 
par exemple de mettre en évidence la contraction du sol sous l’effet de la sécheresse. 
Or, dans aucun cas nous n’avons pu mettre en évidence la moindre élévation du 
niveau du mercure a la suite du gel. On peut donc affirmer qu’il ne se produit pas de 
compression. 

Bien plus, il est tout a fait vraisemblable que le développement en hauteur du 
sol s’accompagne d’une contraction latérale provoquant des fissurations analogues 
a celles qui se manifestent en période de sécheresse. Ce mécanisme serait le corrolaire 
de la dessiccation provoquée par la formation des cristaux de glace. 


EFFETS SUR LA STRUCTURE DU SOL: 


Le développement des cristaux de glace et les dilatations qu’ils produisent dans 
la masse terreuse ont pour conséquence de la disloquer. Cet effet est d’ailleurs bien 
connu des agriculteurs qui attribuent au gel la propriété de diviser la terre et utilisent 
ce phénoméne pour préparer les terres argileuses. 

Toutefois, l’effet produit est loin d’étre général. Par exemple, dans nos lysimétres 
de Versailles remplis avec un sol contenant 20% d’argile et 20% de limon, nous 
avions un certain nombre de cases qui se sont trouvées accidentellement extrémement 
humides au moment du gel pendant I’hiver 1954-55, d’autres se trouvaient complete- 
ment ressuyées. Les cases humides se sont recouvertes d’une couche de glace continue, 
alors que les autres se soulevaient et se fissuraient. Au dégel, la structure des pre- 
micres était extrétement compacte alors que celle des autres cases était excellente. 
Pour expliquer ce phénoméne nous devons préciser que dans les sols a éléments 
fins, il ne se constitue pas de gros cristaux de glace, mais les mottes qui sont a la 
surface du terrain ont tendance a se développer en hauteur par suite de la formation 
de trés fins cristaux dans la masse. Il y a ainsi une véritable dislocation des particules 
terreuses. Lorsqu’un vent sec souffle sur ces formations, leur pourtour se desséche 
trés rapidement, la glace se sublimant dans I’air. Il se constitue Ainsi une couche 
de terre fine remarquablement divisée, alors que la masse de terre elle-méme tissurée 
par les effets de dessiccation, dont nous avons parlé, reste dans un excellent état 
de division. Au contraire, lorsque la terre est recouverte d’une couche de glace les 
particules qui peuvent se trouver disloquées sont immergées au dégel dans une masse 
d’eau qui provoque la formation d’une couche de boue et il se constitue ainsi une 
structure compacte. 

D’une facon générale, les bons effets du gel ne s’observent que si il agit sur 
une terre motteuse dont les éléments sont par conséquent en mauvais contact avec 
la réserve d’eau du sol. Il se développe alors des cristaux lamellaires, la terre n’est 
jamais soumise a un excés d’eau et reste divisée au moment du dégel. Ceci est encore 
plus vrai si le phénoméne se produit par temps sec. Nous avons pu montrer cette 
action de l’eau en soumettant au gel des fragments de terre malaxée, disposés soit 
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au contact du sol, soit sur des feuilles de papier. En les prélevant alors qu’ils sont 
gelés et en les immergeant dans l’alcool on peut alors dissoudre les couches de glace 
et recueillir les agrégats séparés qui sont relativement peu altérés par l’alcool. On 
constate que, pour la terre gelée, sur.le papier on obtient un pourcentage nettement 
plus important de fragments grossiers montrant ainsi que la division est moins 


poussée. C’est cette fragmentation grossiére qui parait 6tre la plus avantageuse pour 
Vagriculture. 


CONCLUSIONS : 


Comme tous les phénoménes naturels, le gel du sol présente des aspects trés complexes. 
On peut toutefois dire que ceux-ci dépendent de trois groupes de facteurs : la teneur 
en eau, l’importance de l’abaissement de température et la vitesse avec laquelle le 
gel s’établit, l’état de division et l’hétérogénéité du milieu au départ. 

En milieu compact, relativement peu humide, le sol gelé est cohérent, sa structure 
est relativement peu divisée et l’état du sol au dégel dépendra de la teneur en eau 
et dela fagon dont celle-ci pourra étre évacuée. En milieu hétérogéne, les effets de soulé- 
vement sont beaucoup plus considérables, mais [a encore l’état du sol au moment 
du dégel dépendra de V’humidité. Pour l’agriculteur c’est le gel sec qui parait étre 
le plus avantageux, surtout quand il agit sur un milieu divisé. Pour |’ingénieur, 
les milieux tassés, homogénes, sont certainement moins dangereux que les milieux 
hétérogénes, ou divisés, mais, comme I’agriculteur, il doit redouter l’excés d’eau. 

Si certains aspects du gel paraissent maintenant expliqués, par contre divers 
mécanismes de détail, comme par exemple la formation et l’orientation des lentilles 
de glace, restent encore assez obscures. I] en va de méme des raisons qui provoquent 
les mouvements des pierres a ]’intérieur du terrain. Pour l’agriculteur, il reste encore 
a comprendre le mécanisme de la dégradation de la structure quand le gel se produit 
en milieu trés humide. Quoi qu’il en soit, on peut dés a présent souligner que c’est 
Vhumidité qui commande I’effet définitif produit par le gel aussi bien sur les roches 
que sur les sols. 
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STUDIES ON LAKE-ICE MOVEMENTS 


MALIN SUNDBERG-FALKENMARK 
Swedish Meteorological and Hydrological Institute (SMH1) 


SUMMARY 


The phenomenon that lake-ice is often pushed up the shores of a lake has been 
explained to be an effect of the refreezing of waterfilled contraction-cracks in the IGG: 
ensuing from the cooling of the upper layers of the ice-sheet at low air temperature. 
The movements observed by Hamberg? in 1918, prove to be as much as 50°% of the 
theoretical maximum value. 

The refreezing of cracks of other origin, too, ought to cause similar ice movements. 
Investigations in a lake in Middle Sweden, where the daily variations in the water-level 
give rise to cracks along the shore, favour this theory. In the lake in question, however, 
the movements at all places observed, were directed outwards from the shore. This 
is explained by the fact that there existed zones of weak ice in the ice-sheet. 

The expansion due to the refreezing of shore cracks, appeared as movements 
1 shore, which were largest where the zone of weak ice was most pronounced; 
these movements were of about the same size year after year. On the other hand, 
the movements caused by the refreezing of waterfilled contraction-cracks were not 
very considerable, except in the winter 1953/54 when the snow cover was thin and 
then only at the observation places where expansion of large parts of the lake was 
registered. The movements || shore were as a rule smaller than those | shore. 

Finally, it has been possible to obtain an approximate connection between the 
ice-movements | shore and the variations in the water-level. The movements caused 
by the refreezing of shore-cracks have thus proved to become larger if these variations 
are increased. 


INTRODUCTION 


It is often seen, that during the winter the ice on lakes gradually moves up the 
shore, where it will sometimes cause a transport of shore-material (Hansen 19492). 
The phenomenon has been explained to be an effect of the expansion due to the 
refreezing of the contraction-cracks caused by the cooling of the upper layers of 
the ice-sheet. The total shoreward movement during a winter would then be equivalent 
to the total width of all refrozen cracks. Evidently, the temperature of the ice surface 


being the same both at freezing and melting, the total movement cannot be an effect 
of thermal expansion. 


~ 


EARLIER OBSERVATIONS OF ICE MOVEMENTS CAUSED BY CONTRACTION-CRACKS 


Observations of such ice movements were made in Sweden in 1918 by Axel 
Hamberg on Lake Sommen?. The observations were made during the period March 
2nd 17th, when the ice was almost snow-free and thus exposed to the variations 
in the air temperature. He found : 1) a gradual ice movement against the shore of 
40 cm in all; 2) that the main movements took place in daytime. The magnitude 
of the movements can evidently not be due to thermal expansion only, since the 
air temperature raised from —1°C to +6°C during the period, whereas the temperature 
of the ice surface can have raised by 1°C at the most. This rise of temperature corres- 
ponds to a thermal expansion of the surface layer of the ice-sheci (width of the lake 
c. 500 m, coefficient of linear thermal expansion « = 5 . 10~) of only 0.025 m. 


266 


Provided the tensile stresses in the ice, set up by the cooling of the ice in the 
night, exceed the strength of the ice-sheet, so that contraction-cracks are formed, 
the maximum effect of the refreezing of these cracks after their being filled with water, 
can easily be computed to 


n n 
DA a Da dpa eA 
1 1 


where /,, J, ...l, are the width of the lake at the place in question at the starting 
observation (0), at the first measurement of the movement of the ice (1), at the second 


one (2) etc.; A; = 1; — i;-1; At = tim — ti where fim, is the maximum temperature 


on the i: th day, ¢; the minimum temperature during the preceding night. Since 
Ali<< 1;, so that we can DUE vey ... l=, the formula can be written 


n n 
ZA =i, Cea Nere 
1 1 


The maximum expansion during the above-mentioned Hamberg-observations, 
can thus be computed to be 79 cm, provided the expansion at the 500 m wide part 
of the lake resulted in equal movements at both shores. The value observed, 40 cm, 
is then c. 50% of the maximum value. There are various reasons for its being lower 
than 100% as, for instance, that the ice will endure certain tensile stresses without 
cracking, or that some cracks are not filled with water. 


STUDIES OF ICE MOVEMENTS CAUSED BY OTHER KINDS OF CRACKS 


Hamberg’s studies seem to show that large effects are produced by the refreezing 
of contraction-cracks; it might then be expected that other kinds of frozen cracks, 
e.g. the cracks along the shore caused by successive variations in the water-level 
should make similar effects. 

' When the water-level falls, the ice-sheet is subjected to bending forces produced 
in the region between the floating ice and the ice resting on the shore, and open cracks, 
which as a rule refreeze if filled with water, are formed. When the water-level rises 
again, the ice-sheet has become «too large», so that compression stresses occur. 
When exceeding the strength of the ice-sheet or that of the frozen bond ice-shore, 
these stresses must cause certain movements. In addition to this hypothetical 
type of movements there must also be a type produced by the refreezing of contraction- 
cracks. This latter type will in the following be called « temperature movement» or 
«temperature effect». 

The expected movements must be directed against the region where the strength 
is least, i.e. against zones of weak ice, or, if such zones do not exist and the strength 
of the bond ice-shore is first exceeded, against the shore. That was probably the case 
in Lake Sommen. 


OBSERVATIONS OF ICE MOVEMENTS IN LAKE LITEN 


After the regulation of the discharge from Lake Liten had begun, there were 
such damages on the timber-guiding-structures in the lake in winter, that they were 
‘supposed to be connected with the diurnal variations in the water-level caused by 
this regulation. Observations have been made by the Swedish Meteorological and 
Hydrological Institute since the winter of 1953/54, in order to make clear the real 


cause of the damages. 
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j Notations 

| | Place of measurements of 
! © ice movements (section nr 0) 
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(pai) Reel currents 


loe sheet influenced ty 
currents 


Fig. 1 — Map of Lake Liten. 


Fig. | shows a map of Lake Liten in the Indalsilven basin in Middle Swedene 

In the NW part of the lake there empty the two main tributaries, Jarpstr6mmen 
and Arealven. The water from the former being fairly warm, the lake does not freeze 
over for c. | km below the railway bridge. Outside the latter tributary, however, 
the lake gets covered with ice. The outlet is in the SE part of the lake. The water flow 
through the lake is fairly large and causes pronounced currents, which impede the 
increase of the ice-thickness inthe areas marked in fig. | (Melin 1948 %). The damaged 
structures are situated near to the two inlets. 

The regulation of the discharge causes the following variations in the water- 
level: On weekdays there is a fallin daytime followed by arise inthe night; on holidays 
the water-level rises gradually from Saturday night till Monday morning (this is 
also applicable to Christmas time and other festivals when the consumption of 
electricity is cut down). During the week there is a gradual fatl of the water-level; 
on this fall are superposed the above-mentioned diurnal variations. The greatest 
change in the water-level generally occurs on Sundays and it has not exceeded 0.35 m 
during the observation seasons. m 

In order to determine the movements of the lake-ice, measurements were made 
2-4 times a month at a number of places, both in the critical upper region of the lake 
and in the lower parts (cf. fig. 1). 

The ice-movements in each observation place (section) have been determined 
in relation to a system of polar coordinates, the origin of which is a stake on the shore, 
B, and the fix axis of which is a sight line, normal to the shore, through B and another 
stake higher up on the shore, A (cf. fig. 2). 

The situation of the ice is represented by another couple of stakes, C and D, 
lying at such distance from the shore that C comes outside the zone where cracks 
caused by fall of waterlevel, here named shore-cracks, occur. D lies 30-50 m outside 
C. The movement of C is determined by measuring the radius yector B-C and the 
normal to the fix axis dc; the movement of D by measuring the distance between C 
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{h) 


Fig. 2 — Measuring arrangements: 
a) the system of polar coordinates, 
5) a profile. 


and D, and the normal dp. Moreover, the level differences of the observed points 
have been levelled when needed for computing the horizontal distances. The measure- 
ments began as soon as the ice was thick enough to bear a person, and went on as 
long as possible in spring. In 1954, concentrated measurements were made daily 
during a ten-days’ period. 
The observation material has then been adapted to give the horizontal projections, 
B-C and C-D, on the fix axis. The following corrections were made for this purpose 
correction for level differences between B, C and D 
» » movements normal to the fix axis (dc, dp) 
» » thermal changes of the tapemeasure. 


When computing, the observations have been assumed to have a maximum 
error of + 0.01 m. Changes in B-C and B-D have been called ice movements normal 
to (L) the shore (written AB-C, AB-D); changes in dc and dp ice movements parallell 
to (|) the shore (written Adc, Adp). 

In table | are given the total ice-movements at C (represented by AB-C and 


Adc) and the total ice-expansions between C and D (represented by AC-D) during 
the three winters 1953/54, 1954/55 and 1955/56. The gradual increase of that part 


of the movement, that was directed normal to the shore (AB-C), is shown in fig. 3. 


PRIMARY CONCLUSIONS 


The values of table 1 show that the ice-expansion in the region B-C (AB-C) 


is considerably greater than that in the region C-D (AC-D). This seems, however 
not to be applicable to the winter 1953/54, but by comparing the lengths B-C during 


the different winters it will be found, that in those places where AC-D was especially 
large in 1953/54, the length B-C was shorter than in the following years. This would 
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Fig. 3 — Gradual increase during the winters 1953/54-55/56 of the ice-movement 
1 shore in the sections 1-13. Yi 


mean that the first year, C was placed so near the shore that some of the shore cracks 
occurred in the region outside C. The observations then show that ice movements 
are generated in the region where shore cracks are formed. 

Furthermore, the observations confirm that the ice-hole at the inlet and the zone 
of weak-ice below, really form a decisive weak-zone, as the movements | shore 
were directed throughout outwards from the shore. 


METHOD FOR DETERMINING THE LOCATION OF THE WEAK-ZONE 


The method used for controlling that the decisive weak-zone really was situated 
as mentioned above throughout the winter, was as follows. 


The individual movements 1 shore, AB-C, were divided into three separate 
types, the division being based on the following factors: 

1. Location of weak-zones : the analysis is accomplished for each of the assump- 
tions a) weak-zone inside Cb) weak-zone outside C. 

2. Temperature change of the ice-surface since the last observation; this change 
is assumed to be equal to the change in air temperature, except that temperatures 
higher than 0°C have been put equal to 0°. 

3. Effect of the refreezing of cracks. 

The three types are: 

type I = movements of such direction that they can be explained as effects of 
thermal expansion after a temperature rise, or thermal contraction after a temperature 
fall. 

type If = movements of opposite direction to type I, that can be explained as 
effects of the refreezing of contraction-cracks or cracks caused by fall of water-level 
(into this type will come movements caused by crack-refreezing only after temperature 
fall; in the opposite case, both the temperature rise and the crack-refreezing cause 
expansion, so that both effects come into type I). 

type III a) movements of such direction that they can be explained neither as 
an effect of thermal expansion nor of refreezing of cracks (i.e. contraction effects 
after a temperature rise). Some of these cases might be effects of observation errors 
and properly belong to type I. 

b) cases that remain in type III even if the observation error + 2 cm is 


regarded. 

The division of the individual movements L shore being made in conformity 
with this principle, the probable location of the weak-zone was judged by the number 
of cases of type III. An example of the result of such a division of the material from 
the measurements of 1955/56 is given in table 2. The judged locations of the weak- 
zones are marked by underlinings. 


INTERPRETATION OF THE MEASUREMENT RESULTS 


The above-mentioned location of weak-zones gives the following points of view 
on the interpretation of the movement components. 

1. movements L shore (AB-C): in the sections 1-4, 10-13, these movements 
can only reproduce different kinds of expansion of the ice-sheet between B and C. 
In this case, the magnitude of the contraction-cracks can be assumed to be of about 
the same magnitude as the expansion of the ice between C and D, AC-D. 

On the other hand, the situation of the sections 5, 7-9 is such, that the movements 
observed in these sections might be influenced also by the effect of contraction-cracks 


fe . 
in the part of the lake called Gulaviken, SW of the isles. 
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TABLE 2 


Division into the types 1-1 of the individual changes AB-C (observations from 1955/56) 
ee BE ES ae EL wey 


Measure Assumed location of weak-zone 
place in the floating ice near to the shore 
(section nr) (outside C) (inside C) 
type type 

I Il Illa IIIb I Ul IIa IIb 
1 3 7 0 0 5 0 5 4 
2 Denes 0 0 4 0 6 4 
3 2 8 F QoaHeO 4 0 5 4 
5 6 Pela Ri aaa ol 3 2 5 4 
6 ay ae oa 4 4 1 0 
7 5 4 0 0 4 0 es 4 
9 Cpe ae CMON ty 4 0 5 4 
10 Res AR as 0 5 3 4 1 
11 Lee ae 0 0 I 3 4 0” 
‘6 $0 Goad ra 0 2 1 5 0 
13 5 ‘ ier 5 0 3 3 


2. movements | shore (Adc): these movements must essentially represent move- 


ments in the longitudinal direction of the lake, i.e. mostly temperature movements. 
Exceptions are 
section 1 where the nearness to the railway embankment might increase the influence 
of shore-cracks 
section 3 where there probably is a certain influence of the shore-cracks at the 
protruding shore of Jarpen, SE of the section. 


CONCLUSIONS CONCERNING THE MOVEMENTS L SHORE (AB-C) 

1. The movements in sections 1-4 have remained rather constant year after 
year and have increased at a fairly constant rate throughout the winter, which shows 
that they cannot be only temperature effects. Thus, they have been unaffected by 


variations in the thickness of the snow-cover. Furthermore, the expansionAC-D 


has been small in comparison with the movements AB-C, which also indicates 
small temperature effects from the regions B-C and C-D. The movements are, there- 
fore, probably caused by shore-cracks. 

2. On the other hand, the movements in sections 5, 7-9 prove to be, at least 
partly, composed of temperature effects from other parts of the lake than the ice- 
sheet between B and C, as they vary considerably from year to year; they were largest 
in 1953/54, when the snow-cover was thin (cf. fig. 4). Furthermore, during 1953/54 
the movements principally took place before the middle of January and from the 
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Fig. 4 — Snow depth on the ice 


end of March, i.e., during the periods when the snow-cover was thinnest. Neverthe- 
less, there were certain movements even during the period’ when the snow-cover 
was fairly thick. These movements were of about the same magnitude as the move- 
ments in sections 1-4 and could thus have been caused by shore-cracks. 

3. The movements in sections 10-13 have been smaller than in the sections in 


the upper parts of the lake, but larger than the expansions AC-D. This might indicate, 

that they, too, are composed of two parts, i.e., on one hand movements due to 

temperature effects and on the other movements possibly caused by shore-cracks. 
Section 6, see below. 


CONCLUSIONS CONCERNING THE MOVEMENTS || SHORE 


1. The movements in section 1 were fairly large and were not caused by tempe- 
rature effects. They were directed down-stream as they would have been if caused 
by shore-cracks along the railway embankment. 

2. The movements in section 3 were of the opposite direction and somewhat 
smaller than in section 1. Thus, they might have been caused by shore-cracks at the 
protruding shore of Jarpen, SE of the section. 

It is natural that the movements | shore, even if caused by shore-cracks, were 
less than those L shore, as the ice-sheet between the Jarpen shore and the railway 
embankment could bear certain stresses, whereas the movements L shore, on the 
other hand, were directed against the open ice-hole at the inlet. 

3. The movements in section 2 were very small, indicating that the shore-crack 
effects from the protruding parts of the shore cancel each other. 

4. The movements in section 4 were also small and directed downstream, which 
might indicate a possible shore-crack effect from the shore protruding NW of the 
section. 

5. The movements in sections 5, 7-9 varied both in magnitude and direction, 
During the first year they were directed downstream, but the following two years 
in the opposite direction. 

6. The movements in sections 10-13 were as small as the observation error, 
showing that the temperature effects are small where pronounced weak-zones do 
not exist (cf. fig. 1). 


CONCLUSIONS CONCERNING THE MOVEMENTS IN SECTION 6 


The movements in this section prove to be correlated with the general move- 
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ments in the region SW of the ice-hole at the inlet. Thus, during the winter 1953/54, 
when the general movements were of a downstream direction, the movements L 
shore were directed outwards from the shore, whereas, during the two other winters, 
they were directed towards the shore. The movement | shore has been directed 
throughout towards the weak zone near the ice-hole at the inlet. 


SPECIAL EXAMINATION OF SHORE-CRACKS 


As has been seen above, there exist in Lake Liten ice-movements, generated by 
some event in the region near to the shore, and increasing at a fairly constant rate 
throughout the winter, obviously unaffected by the thickness of the snow-cover on 
the ice. In order to analyse, how this expansion develops, a ten-days’ investigation 
with daily observations was performed in the course of Febr. 19th — 28th, 1954, 
A complete account of this investigation can, however, from considerations of space, 
not be given here, but the general outlines were as follows. In the sections 3, 5, 6, 
and 9 existing shore-cracks were looked for. On each side of all these cracks small 
stakes were hammered down into the ice. The distances between these stakes were 
measured daily, so that the behaviour of the cracks could be examined. Also the 


movements in relation to the stake B on the shore were measured. The following 


conclusions were made: When the water-level fell, cracks were produced near to the 
shore or old cracks were enlarged; when the water-level rised again, a certain amount 
of this expansion remained, obviously because some cracks had been filled with 
water and had refrozen. Some of the cracks, however, which had not refrozen, closed 
and, therefore, did not contribute to the expansion. The total movements shore 
during a one-week-period —Sunday-Sunday—during which the total change in 
water-level was a rise of only 6 cm, are given in table 3; the movements have been 
divided into a temperature-effect-part and a shore-crack-part. The former was esti- 
mated from the changes in the regions C-D. During the observation period the ice-hole 
at the inlet extended down to just in front of the inlet of the Aredlven. 


TABLE 3 


Weekly movement L shore, found by measurements during Febr. 218t — 28th 1954 


a i ee 


hades judged me remaining 
Section AB-C temp. effect part shore-crack part 
3 26 mm 11 mm 15 mm 
5 337 > 19 » 14 » 
6 6 » = = 
9 24 » 19 » Si 


These values of the weekly shore-crack effect, have been compared with the 
average movements per week in the ten sections in the lake. The only movements 
regarded are those that occurred during a standard period (the first week of December 
— the second week of April), when the values are comparable with respect to the 
influence of regulations of the discharge during holidays. 
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TABLE 4 
Average movements per week (AB-C cm|week) 
= 31953/54 2 = 1954/55 32 —— 1955/56 


a a a ee 


Total Movement Code*) notation Movement 
movement per week of ice state outside observed in 
Section AB-C cm AB-C cm/week the section Febr. 1954 
cm/week 
OAS NS 1 » 3 1 2 3 
1 24 VO 2a 4d 1.1 a a a 
2 PAV GAS, a3) (U2 SINGS s a a a 
3 DANS) Stem Vals Ol ate dS a a a 125 
4 Det Sae——e ea OS) n= a c — 
5 2 tent Sa Sen Aa Oe Sanu 153 a c b 14) 
6 —-5 -1 -4 -0.3 -0.06 -—0.2 d d d 
7 DOM AS 260959 O19. +155 b c b 
8 134 Loe Oil eS b c — 
9 1S 4 l3o-22>-10:8> (0:8 = a1k3 b C € 0.5 
10 ——e 36) 0525-7 0.3 d d d 
*) a = open water outside the section throughout the winter 
b= E> >» » during the greater part of the winter 
Cs ee» ioe) » » part of the winter 
d = icecover a> » throughout » » 


**) open water down to outside this section 


The table shows that the observed value 1.5 cm/week in section 3 is fairly represen- 
tative; the value 1.4 cm/week in section 5, on the other hand, seems somewhat 
too large. This can, however, be explained by the fact that, during this observation- 
period, there was open water outside the section causing larger movements. The 
value 0.5 cm/week in section 9 seems somewhat too small compared with the value 
0.8 cm/week in 1954/55, when the temperature effects ought to have been very small 
as the ice was covered by snow throughout the winter. In this case the judged tem- 
perature effect during the week in Febr. 1954 was probably taken too large. 

In the winter of 1954/55, all the sections have lower values than in 1955/56. 
The difference might be a measure of the temperature effect during the latter winter, 
when the snow-cover was mostly somewhat thinner than in 1954-55. When comparing 
the magnitude of the movements during the winter of 1954/55, when there were hardly 
any temperature effects, it will be clearly seen, that the movements were smaller 
at the places where the ice was stronger and thus could bear greater stresses. 


CONNECTION BETWEEN ICE-MOVEMENTS AND WATER-LEVEL VARIATIONS IN LAKE LITEN 


The connection between the individual ice-movements in sections 1-3 and the 
average variation in the water-level during the three winters, has been investigated 
(cf. fig. 5). As the periods between the measurements are of various length, the 
ice-movements and the variations in the water-level have been expressed as average 
values per day (cm/day). The diagram indicates that a certain connection exists in 
spite of the rather wide distribution of the plottings; such a distribution is, however, 
quite natural, as: 
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level (sections 1-3). 


1. the refreezing of the shore-cracks occurs with varying solidity, according to 
the weather conditions 


2. the influence from temperature effects; this can be estimated from the vari- 


ations in C-D. Thus, NED, in the sections 1-3 during the winters in question, did 
not, during a 14-days’ period, exceed + 4 cm in 1953/54, + 1 em in 1954/55 or 
+ 2 cm in 1955/56. The temperature-effect-part of the movement per day during the 
three winters, would then not be more than 0.28, 0.07, 0.14 cm/day resp. 

A curve has been drawn to show, at least approximately, the ice-movements 
produced within the area in question at different variations in the water-level. 
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GROUND TEMPERATURE STUDIES 
AT SASKATOON AND OTTAWA, CANADA 


D. C. PEARCE 


ABSTRACT 


An analysis is presented of the annual ground temperature data obtained at 
Ottawa and Saskatoon, Canada, by the Division of Building Research of the National 
Research Council from 1952 to 1955. The annual ground temperature variation 
was observed to be consistent with the theory of heat flow in a homogeneous semi- 
infinite solid. The observations yielded an average soil thermal diffusivity which 
did not vary from year to year. It was possible to include a term which approximately 
accounted for the insulation effect of a snow cover. Additional calculation showed 
the order of magnitude of the deviations to be expected from variations in the soil 
thermal constants. 


Shortly after the formation of the Division of Building Research of the National 
Research Council in 1947, a study of ground temperatures was undertaken because 
a knowledge of the ground temperature regime was necessary to cope with several 
of the problems brought to the attention of the Division. The first step in this program 

_ was to establish a number of field observation stations throughout Canada. A general 
description of these field studies has been published (1). The present paper describes 
a detailed analysis of the observations obtained from two of the stations: one on the 
Montreal Road property at Ottawa, Ontario, and the other at the Prairie Regional 
Station at Saskatoon, Saskatchewan. These records were selected from the total 
available because they are reasonably complete and they extend over a period of 
several years. 

The installation at the Montreal Road Laboratories was established specifically 
to study ground temperatures. Thermocouples were installed in test pits of both sand 
and clay to a depth of 8 feet. Certain of the test pits were cleared of snow throughout 
the winter to evaluate the effect of the snow cover. The details of the Ottawa ground 
temperature installation have been published (°). 

The installation at the Prairie Regional Station was part of an outdoor test 
hut study. In order to have minimum distortion of the temperature distribution 
by the test huts, only the observations furthest removed from the huts were used 
in this analysis. At this location, 20 feet from a service tunnel, thermocouples were 
installed to a depth of 10 feet. No provision was made for snow clearance. Conse- 
quently, the insulating effect of the snow cover could not be independently evaluated 
from these data. 


DESCRIPTION OF ANALYSIS 


The ground temperature observations were studied by the mathematical tech- 
niques of Fourier analysis. The principal Fourier components of these temperature 
variations are the diurnal and the annual waves. However, there were insufficient 
data to determine the diurnal component. Consequently, this description is concerned 
only with the annual temperature wave. 

The basic assumption was that the ground temperature at a fixed depth for 
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any one year could be expressed by a Fourier series of the form, 


eo 


u (x,t) = SS am (x) eiot | (1) 
ay 


== 00. 


where: 
u(x,t) is the ground temperature at depth x and time , 
a,(x) is the amplitude of the Fourier component of frequency na), 
n is zero or an integer, and 
G@) is the fundamental frequency, 277 radians per year. 


The functions ay (x) are given by the following integral, 
2m 
Oo 


G F 
WAC c= a fouce) e—Mowv dy, (2) 
Lg 0 


These integrals were determined graphically from the observations. The precision 
of the data was such that reliable results could only be obtained for n = 0, + 1, 
which are the components of the annual wave. 

This development neglects certain transient features of the ground temperature 
variation. This was estimated to be a small effect, however, because the amplitude 
of the annual temperature wave only changes by a small amount from one year to 
the next. 

The behaviour of the annual temperature wave was then compared with the 
theory of steady state heat conduction in a homogeneous semi-infinite solid subject 
to a harmonic surface temperature. The theoretical expression for the temperature 
at depth x and time t is: 


AV 5)« +i Lor—3—(V2.) a] 
u(x,t) = A, e€ (3) 
where, 
A, is the amplitude of the surface temperature wave, 
5 is the initial phase angle of the surface temperature wave, 
«) is the frequency of the temperature wave, and 
kis the thermal diffusivity of the ground. 


Equation (3) predicts an increasing phase lag and a decreasing amplitude with 
depth for any temperature wave. Furthermore, the magnitude of both the attenuation 
and the phase shift is directly proportional to the square root of the quotient of the 
frequency by the thermal diffusivity. Plots of the phase angle and the logarithm of 
the amplitude against depth for the field observations yield a check on the appli- 
cability of the theory. If this theory gives an adequate description of the behaviour 
of the annual temperature wave, such curves should be linear in x with a slope of 
magnitude V e/2K. 


RESULTS OF THE ANALYSIS 


The results indicate that the annual temperature variations at the test sites are 
consistent with a homogeneous semi-infinite solid model for the soil. Figures 1 and 
2 are examples of phase and amplitude plots, illustrating the linear behaviour with 
approximately equal slopes. It also was observed that the thermal diffusivity of each 
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Fig. 1 — Annual wave amplitude as a function of depth. 
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Fig. 2 — Phase of annual wave as a function of depth. 
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soil type considered did not vary appreciably from year to year. The value of the 


constant V @/2k ranged from 0.13 ft.—1 for sand to 0.17 ft.—! for clay. The annual 
wave is a good approximation to the actual ground temperature. Figures 3 and 4 
give one comparison of this first harmonic approximation with the observed tempe- 
rature at two different depths for the same test pit. This illustrates that the approxi- 
mation improves with increasing depth. This is to be expected since the higher harmo- 
nics of the surface temperature are attenuated more rapidly with depth. 

This first harmonic approximation yields a simple formula for the maximum 
penetration of any isotherm. The equation is: 


2k Ao 
Xm = Ae loge a) (4) 
where, 


Xm is the maximum penetration of the isotherm w;, and 
Up, is the mean ground temperature. 


If the depth of freezing is defined as the maximum penetration of the 32° isotherm, 
this depth can be determined by setting uw; = 32° in equation (4). The observations 
indicate that u, is approximately independent of x so equation (4) is readily soluble. 
Graphical solutions can be obtained if w, is a function of the depth. 

The observations also showed the quantities V/ «2k and u, to be nearly constant 
from year to year. Thus the change in depth of penetration of any isotherm from 
year to year can be calculated from the following expression: 


2k Ge 
X]; — 2; = = IOs {| == (5) 
AJ @ Axo 


is the depth of penetration of the isotherm u; for the year when the surface 
temperature amplitude is A,,, and 

x2; 1s the penetration of the isotherm uw; for the year when the surface temperature 
amplitude is Ago. 


where, 


X/; 


It would appear that a knowledge of the surface temperature and hence A, is required 
to use equation (4). This is not true because equation (3) affords a method of deter 
mining A, if the amplitude of the temperature wave is known at one depth. Thus 
a knowledge of the soil thermal diffusivity and a temperature variation at one depth 
is sufficient to use equation (4). Equation (5) is equally general. The minimum tempe- 
rature for the jth year wj»,(x,) at an arbitrary depth x,, in first harmonic approximation 
is: 
GC) 
Ujm(Xy) = Uy — Ave ~( WV 55)* (6) 
Thus the following relation is true: 
Ato ita Uym(Xo) (7) 


Axo Uy = Usm(Xo) 


Equation (7) states that the ratio of the surface temperatures for any two years can 
be determined from a knowledge of the amplitude of the temperature at an arbitrary 
depth. Thus equation (5) states that in the first harmonic approximation the difference 
in penetration of any isotherm from year to year can be calculated from a knowledge 
of the soil thermal diffusivity and a time -temperature record at one depth. 

Air temperature is a commonly used index of frost penetration. The mean daily 
air temperature near the field installations as furnished by meteorological records 
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was also analysed into its Fourier components. This analysis showed no simple 
relationship to exist between ground surface and air temperature. The amplitude 
of the annual component of the mean daily air temperature was greater than the 
annual amplitude of the ground surface while the mean annual air temperature was 
less than the mean annual ground temperature. Thus air temperature cannot be 
used directly in these formulae. However, an observed proportionality between the 
annual amplitudes of the ground surface and the mean daily air temperature is thought 
to be of some value. As a result of this proportionality, the ratio of the air temperature 
amplitudes for any two years can be used in place of the ratio of the surface tempera- 
ture amplitudes to determine the change of isotherm penetration from equation (5). ; 


THE EFFECT OF VARIABLE SOIL THERMAL PROPERTIES 


Additional calculations designed to estimate the influence of variations in soil 
thermal properties indicated a possible reason why the homogeneous semi-infinite 
model for the soil was so satisfactory. Several different variations of the thermal 
properties with depth were studied. The results for each analysis were quite similar. 
The conclusion was that the amplitude of a temperature oscillation is relatively 
insensitive to a change in soil thermal properties provided this change occurs within 
a distance that is small as compared to the length of the temperature wave. The 
annual temperature wave satisfies this condition so small variations of the soil thermal 
properties do not show up in this analysis. The calculation for one conductivity- 
depth dependence is given in Appendix A. 


THE EFFECT OF SNOW COVER 


An attempt was made to include the effect of the snow cover in the theory of 
the annual variation of the ground temperature. Observations from the snow-covered 
sites indicated that a homogeneous semi-infinite model for the soil was adequate 
to describe the annual temperature variations. The only apparent effect of the snow 
cover was to reduce the amplitude of the surface temperature and thus to reduce 
the penetration of a given isotherm. 

For this calculation it was assumed that the heat capacity of the snow was 
negligible and that transients associated with changes in snow depth could be neglec- 
ted. Thus it is a very rough approximation to the actual situation. The main justi- 
fication of this approach was that it resulted in fair agreement with the observations. 

The basic idea of the analysis was to determine an attenuation coefficient 
characteristic of a particular winter snow cover. If the amplitude of the annual surface 
temperature wave without snow cover is Ay, then in the presence of snow the ampli- 
tude will be 7 A,. This defines the attenuation coefficeint 7. It depends on both the 
depth and time of deposition of the snow cover. The method of evaluating 7 is des- 
cribed in Appendix B. 

Soil temperatures in a region having snow cover can be calculated from equations 
(4), (5) and (6) if A, is replaced by 1 Ay. Thus 7 A, can be considered as an effective 
surface temperature amplitude. The temperature distribution beneath non-snow- 
covered ground then is a special case with YV=1. 

The difference in depth of penetration of an isotherm with and without snow 
cover is given by the equation: 


2k Le eas 
Nx; = Xm — sXm a, toe.( : = a (8) 
(o) T Uo = Uy 
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Xm is the maximum penetration of the isotherm u; in the absence of asnow 
cover, 

sXm 1S the maximum penetration of the isotherm uj; with a snow cover, 

27] is the attenuation constant of the snow cover, 

su) iS the mean ground temperature under a snow cover, and 

u, is the mean ground temperature in the absence of a snow cover. 
The Ottawa observations were compared with values calculated from equation (8). 
Table I gives some of these results. 


TABLE I 
SS eee 
uj(°F) Uy Uy Y Soe ROG Xs measured byarCales 
(ft.) (ft.) 
40 47.7 47.9 878 Th, 6.8 0.9 0.9 
85 47.7 47.9 878 4.2 Se 1.0 0.9 
32.5 47.7 47.9 878 2.9 iby ey 0.8 


The greatest deviation between the theory and the observations occurs for isotherms 
jocated near the ground surface. This is attributed to the contribution of the higher 
harmonics, which are largest in this region and which are neglected in this theory. 


CONCLUSION 


This analysis has shown that at certain test locations, the annual variation 
of the ground temperature is closely approximated by the theory of sinusoidal tem- 
perature variations in a homogeneous semi-infinite solid. As a consequence of the 
attenuation term, the approximation improves with increasing depth. Further analysis 
has demonstrated that the amplitude of the annual temperature oscillation appears 
to be relatively insensitive to variations in soil thermal conductivity. This fact 
probably accounts for the agreement of the observations with a theory containing 
only one parameter — the average soil thermal diffusivity. For the soils considered, 
the latent heat associated with freezing and thawing appeared to have little influence 
on the annual amplitude of the ground temperature oscillation. Consequently, it 
has been possible to develop a formula that yields maximum penetration of any 
isotherm. This includes the depth of frost penetration if the freezing plane is identified 
with 32° isotherm. These calculations require only a knowledge of the soil thermal 
diffusivity and a temperature record at one fixed depth. It also has been possible 
to include an approximation for the insulating effect of the snow cover in this 
formulation. 

It has been a practice in predicting frost penetration to use air temperatures 
in place of surface temperatures. The relationship between these two temperatures 
has been observed to be complex so the interchangeable use of these temperatures 
is questionable. However, a proportionality between the annual amplitude of the 
air and surface temperatures was observed to exist. This was true with or without 
snow cover. Consequently, year-to-year changes in the maximum depth of pene- 
tration of an isotherm could be determined from air temperature amplitudes. A 
greater understanding of the mechanism of heat exchange at the ground surface is 


285 


required. however, to predict ground temperatures reliably from meteorologic 
variables. 

The foregoing conclusions only apply to temperature distributions that vary 
slowly with time. An underlying hypothesis of the development was that heat flow 
in the ground obeys simple conduction theory. This assumption is not strictly accurate, 
however, due to the presence of water in the soil. It is quite possible that the average 
thermal diffusivity of the soil will depend on the time rate of change of temperature. 
Consequently the extrapolation of the results for the annual wave to other frequencies 
is not justified. A study of temperature distributions that vary more rapidly with 
time is required for a complete understanding of the ground temperature regime. 

This study indicates that ground temperature variations of long period can be 
described by simple heat conduction theory. This implies that theory can be used 
to obtain a useful approximation to the solution of practical problems involving 
temperature fields that vary slowly with time. Furthermore, appropriate values 
for the thermal parameters for several locations in Canada are available from the 
field observations. 
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APPENDIX A 
Steady state heat concuction in l.c. semi-infinite solid with non-constant thermal properties 


The purpose of this analysis was to estimate the influence of variations in the 
thermal conductivity on the amplitude of the temperature waves. The solution des- 
cribed here is for only one of several assumed conductivity-depth variations. 
The results for each variation were quite similar so this particular solution was 
assumed to contain the important features of the system. This solution is the simplest 
of those attempted. A - 

Analysis of the field observations showed that the greatest deviations from 
the simple theory occurred near the ground surface. It was therefore concluded that 
the greatest variation in the thermal conductivity would also be*near the surface. 
This fact was incorporated into the calculation by assuming that the conductivity 
was constant for depths greater than a fixed depth L. Furthermore, the specific heat 
of the soil was assumed to be constant. The steady state problem, subject to a 
sinusoidal surface temperature, can then be formulated as follows: 


d d 
ae (Keon = ) —iapec f(x) = 0, 


dx 
where, 
K = Kj g(x) is the soil thermal conductivity, 
S(xjeiot is the temperature at depth x and time 1, 
c is the specific heat of the soil, and 
) is the density of the soil. 
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For this particular solution g(x) was assumed to have the following form: 
Coa OR ap 
g(x) = | : Pe > ef 
(bei ba | ee | 
where, 
a? is a constant not equal to unity. 
Introduce the transformation 
u = (1 —2x/L). 
Thus the equations become, 


d df(u) iwocL? 
“ («o a ) = K, fw = 8 fw 


ee 108 
g(u) = | 1 : 0 >u (la) 
The solution of the system of equation (La) is, 
Bu pesic 
12> .us > 0: He Neo Ree (2a) 
WS=Ge u = Ceeu (3a) 


Assume the constant C to be fixed so that the constants A and B can be determined 
from the continuity conditions at w = 0. These conditions give: 


C=A+B (4a) 
Ce oe —oB (Sa) 
Thus the solutions are 

Cc Qu sie. 
1>u>0;u=>[@t her +@—Ne® ] (6a) 
UsSawie u = Cebu (7a) 


For a constant thermal conductivity the value of the temperature amplitude at the 
surface is given by 


A, = \Cee| (8a) 


For the selected variation of the conductivity, the surface amplitude is given by 


Lic | 
As = | ag [G+ 0 el + (2 — 1) eB] 2) 


The difference between A, and A, is a measure of the change of the temperature 
distribution caused by the non-constant thermal conductivity. 


Select the phase so that C is a real number. Then 


anyera : 
Gel Or ae ONG 10a 
A, = Ce® ; 8 ( oer | (10a) 
and 
4 SEI 20 
| Nip ope Ceb/« (hse 54 SOR ae +77)” (11a) 
where 
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Thus for a fractional change in K, given by »(a%) = (a?— 1), the corresponding 
fractional change in the surface amplitudes is given by 


A, — A: (a +1) (4-1) 20 Taine 
. = ——___ = | — — 2 — 2), (12a 
Y(a,L) = Re 1 2 eX % qd + ViSP8 + ¥) 2 ) 
If the values, 
O/L = 0.17 ft.—! (observed value for clay) 


aura te 


are used, the following results are obtained 


Va) x(«,L) 
25% 1.4% 
100% 16% 


Thus, for the annual wave, significant changes in the conductivity are required 
to produce measurable changes in the surface amplitude. However, it should be 
noted that x(«,L) increases both with frequency and with L. In general, a larger value 
of the ratio of the distance L to the length of the temperature wave will result in a 
larger perturbation of the temperature amplitude. 


APPENDIX B 
Harmonic temperature variations in snow-covered ground 


One of the assumptions on which this analysis is based is that the heat storage 
in the snow can be neglected compared to the heat storage in the ground. Thus the 
differential equation of heat flow in the snow is, 

d2u(x) 
Ox? 


= 0 (1b 


with boundary conditions 
u(0) = u; ; u—l) = uy 
u(x) is the temperature in the snow cover 


x = 0 is the ground snow interface 
x = — /is the upper surface of the snow. 


The solution of equations (1b) and (2b) is 
u(x) = (uy — Uy) x/1 + u,; 
Thus heat flow through the snow is 
‘ du(x) Bi a (Uy) — uj) 
dx l 
where K, is the thermal conductivity of the snow. Thus, to this approximation, the 
snow behaves as a film with a film coefficient h, = K,/L. This coefficient is time 


dependent because the snow depth «1» varies with the time. 
The boundary value problem of heat flow in the ground, subject to this surface 


Gr K 
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film condition is formulated as follows: 


O2 py (% ¥) oc dv 


x2 = Keay OH 05 x <x (3b) 
lim y (x,t) = 0 Cp) 
Xx —> 0 
Ox 
— Ke55 0.9 = 4,0 [uy — v(0,0)] ae 


where 
Kg is the thermal conductivity of the ground 
Kg/oc is the thermal diffusivity of the ground. 


This is an extremely complicated system of equations due to the time dependence 
of the coefficient /,(1). To carry the analysis further, it was necessary to resort to 
crude approximations whose major justification was in the agreement that was obtained 
with the field observations. 

The approximation consists of a complete neglect of the thermal transients 
associated with changes in the snow depth. Thus, a change in A,(f) will result in an 
instantaneous change in y(x,?). Consequently hs may be treated as a constant so 
the boundary value problem becomes quite simple. For the steady state periodic 
solution 


(x,t) = W(x) e@! with a surface temperature 


v(0,t) = A, ele the equations become, 
d?W(x) iwec 
4 é ays 6b 
be me W(x) (6b) 
dW(0) As 
as Se — W(O 7b 
ae Ka (Ay (0)) (7b) 


The solution of this system of equations is, 


v(x,t) = i Mae (8b) 


Thus the temperature at the ground snow interface can be written 


Ay i (or—tan | (=) 
te ——— H0 9b 
WO) = eae (9b) 
EN ESM 
with = pe N| Ky 


Finally, the phase shift resulting from the snow was neglected. Thus, to this approxi- 
mation the ground surface temperature-is given by the equation, 


Ay 
SS 
V1 + 26 + 202 


(0,1) = foot (10b) 


Equation (10b) can be rewritten, 
(0,1) = Cd) A, elot (11b) 
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where C(t) is an attenuation function for the snow cover given by the relation 
C7) = (1 + 20 + 202)—*%. 


C(t) can be calculated from a knowledge of the snow depth and the thermal proper- 
ties of the soil and snow. 

Equation (11b) gives an effective surface temperature to be used in the theory 
of heat flow in a semi-infinite solid. The attenuation constant, y defined previously 
can be calculated from C(f). A description of this calculation follows. Assume the 
annual component of the surface temperature is given by the equation 


u(t) = Ay sin wt + by cos wt (12)b 


In the absence of a snow cover, u(t) is what has been previously called the ground 
surface temperature. However, with snow cover, the ground snow interface tempe- 
rature is given by, 


u(t) = C(t) a, sin wt + 3(t) by cos wr (13b) 


The function described by equation (13b) is not a simple sine wave. The annual 
component of wu (ft), Usa(t) was then determined. This annual component is then 
represented by the equation: 


Usa (t) = a, sin wt + b, cos wt (14b) 


The constants a, and 6, are given by the following expressions: 
2m 


12) 


a= fe (a, sin @ t + b, cos w t) C(t) sin @ t dt 
0 
2 


(a) 


@ 
b, ae fe sin w ¢ + by cos at) C(t) cos w ¢ dt 
0 


The constants a, and b, were determined by numerical integration. 
The attenuation coefficient y can be determined from equations (12b) and (14b) 
It is given by the expression: 


a + 62 
a sf Age ie by? on (15b) 


The values of y presented in Table I were determined by such a calculation. The 
value of the thermal conductivity of the snow was obtained from the work of Yosida 
et al*. A snow density of 0.28 gm/cm* was assumed to be an average value for settled 
snow. The thermal diffusivity of the soil was obtained from the ground temperature 
analysis. The heat capacity of the soil was calculated by the method suggested by 
Kersten** using field measurements of the soil density and the soil water content. 
Finally the soil thermal conductivity was calculated from the heat capacity and 
thermal diffusivity. 


* Yosipa, Z. and -H. Iwar. Measurement of the thermal conductivity of snow 
CONE enon Ice and Permafrost Research Establishment, Translation No. 30. 
OV. ; 


** KERSTEN, M.S. Thermal properties of soils. Highway Research Board, 
Special Report No. 2, 1952. p. 161. 
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LES GLACIERS DU DESERT CHILIEN 


L. LLIBOUTRY (*), O. GONZALEZ et J. SIMKEN 
(Centro de Glaciologia de la Universidad de Chile) 


/ 


RESUME 


Les alpinistes chiliens ont découvert au cours des derniéres années quelques 
petits glaciers sur les plus hauts sommets du nord du Chili, malgré l’aridité extréme 
de la région. En particulier au Llullaillaco (24°43’ lat. S, 6723 m) existe un champ 
de glace du coté ouest entre 6500 et 5600 m; a I’Ojos del Salado (27°07’ lat. S, 
6885 m) deux glaciers se trouvent sur le flanc nord-ouest, |’un entre 6600 et 6100 m, 
Vautre dans la prolongation du précédent entre 5800 et 5400 m; au Tortolas 
(29°56’ lat. S, 6323 m) un glacier couvre tout le flanc sud-est entre le sommet et 
5600 m; etc... La direction des vents dominants et l’exposition de ces glaciers varient 
d’une montagne a une autre. Les précipitations, orageuses en été, semblent étre 
dues a des vents catabatiques ascendants. 

En été, la température de l’air 4 6500 m s’abaisse la nuit jusqu’a —28°; A 5300 m 
elle reste toujours en dessous de 0° C. Pourtant la neige fond franchement au soleil 
entre les pénitents, formant des filets d’eau courante et des lacs surglaciaires gelés 
en surface. Ces lacs se substituent 4 un névé saturé d’eau a sa base, sans qu’a aucun 
moment apparaisse un plan d’eau libre. 

Ces glaciers n’ont ni moraines, ni crevasses, ni autre signe de mouvement. IIs 
sont dans toute leur étendue, suivant les années, zone d’alimentation ou zone d’abla- 
tion. Ils n’ont pas reculé sensiblement pendant les 20 derniéres années. Ces derniers 
caractéres les rapprochent de certaines régions de I’ Antarctique. 


SUMMARY 


During last few years Chilean climbers have discovered some small glaciers on 
the highest summits of northern Chile, in spite of the utmost aridity of this region. 
In particular at the Llullaillaco (24°43’ lat. S, 6723 m) there is a sheet of ice on the 
western side between 6500 and 5600 m; at the Ojos del Salado (27°07’ lat. S, 6885 m) 
two glaciers lie on the north-western slope, one between 6600 and 6100 m, the other 
one in the prolongation of the first between 5800 and 5400 m; at the Tortolas 
(29°56’ lat. S, 6323 m) a glacier spreads all over the south-eastern side between the 
top and 5600 m; etc. The direction of the prevailing wind and the exposure of these 
glaciers varies from one mountain to another. Precipitations, of a stormy character 
in summer, seem to be originated by up-slope katabatic winds. 

In summer, the air temperature at 6500 m sinks during the night to —28° C; 
at 5300 m it is never above 0° C. Nevertheless snow melts readily with the sun between 
the penitents. It forms small streams of water, as well as overglacial lakes with frozen 
surfaces. These lakes take the place of a water-soaked névé, without formation at 
any time of a free water-surface. : 

These glaciers have neither moraines, nor crevasses, nor any sign of movement. 
They are in their whole area, according to the year, either accumulators or ablators. 
They have not receeded sensibly during the last 20 years. To this extent they resemble, 
somewhat, in their behaviour some regions of the Antarctica. 


EXPEDITIONS DANS LES ANDES DU NORD DU CHILI. 


Nous rapporterons ici les observations faites par des alpinistes chiliens sur les 
hautes montagnes du Nord du Chili au cours des derniéres années, en particulier par 
deux d’entre nous (O.G. et J.S.). Ceux qui connaissent la torpeur et l’épuisement 


(*) Actuellement : Laboratoire de Glaciologie, Faculté des Sciences de Grenoble 
(France). 


291 


J fea? 6339 RSM S 


*/ Pas uo 6520 
ARICA oq 


en 


Ps 3680 
5995 — Pt 


f y SALAR 


=] 


[AL PEROU WSS eee 
18° 


BOLIVIE 


SUCRE 


oe 


4800 


a } 
1QuiQue P < DE UYUNI .. 
9805 Mg S120 
x } 2 
peel WG 
+ oS 
eg 189 *¢..2275700 
ii ‘I 
a \Z 
<x wa \ | + 
= ax yo * 
ne 3442 
P x eat 
QP IOCOPILL x See CaN, xh / 
400° / 
$930. i 
g 4 SALAR 
DE i 
2~ | ATACAMA ; fo i ( 
@ = 200 } 
| ae =o ; 
ANTOFAGAST) ° rf Sey, 00 
Lm 622 “y\ ~\pe 
/ tw fe cof MOABO { 
e 3630 F / SALTA 
a4 Llu! ail ffSco’ { a] NevA d 
cae) 
“ as o) | oSe98o 
e} 
= Y 
(4 
° 
vu 
26° ioe 5 1 Pe 
346500 
Penas ay ae 
6140. 
N ® 
. COPIAPO 
370 
LA SERENA‘ 


SAN JUAN 


™ i 
1 
Los Me } 


a WES 


S54 OZA 
Hun A ? 
VALPARAISO 

sles 


1 — Carte des Andes du nord du Chili. 
environ 1700 km. 


nL 


Fig. 


) 


ARGENTINE 


De Santiago a la frontiére péruvienne : 


qui envahissent l’alpiniste rapidement monté a 6000 m excuseront ce que ces obser- 
vations ont forcément d’incomplet. Le dépouillement des résultats et leur interpré- 
tation ont été effectués par le troisiéme (L.L.), aprés son retour en France. 

Enumérons d’abord ces différentes expéditions (cf. carte fig. 1): 

Volcan Llullaillaco, 24°43 lat: S, a la frontiére chiléno-argentine, 6723 m. 
Premiére ascension par Bion Gonzalez et Juan Harseim, tous deux du Club Andino 
de Chile, le ler. Décembre 1952 (°). 

Nevado Ojos del Salado, 27°07’ lat. S, a la frontiére chiléno-argentine. La cote 
de cette montagne ayant été l’objet de controverses, précisions que les seules trian- 
gulations effectuées jusqu’a présent ont donné: 

Avant 1906 (Commission chilienne des Limites) : 6880 m. 

En 1937 (Expédition Polonaise) : 6863 m. 

En 1956 (Expédition américaine Carter-Weaver) : 6885 m. 

C’est le plus haut volcan du monde, et le deuxiéme sommet d’Amérique aprés 
l’Aconcagua (6959 m d’aprés la derniére triangulation argentine. J’avais indiqué 
6957 m + 4 m. Cf. (8).) 

La premiére ascension de ce volcan avait été faite par le sud, le 27 Février 1937, 
par deux membres de l’expédition plonaise. La deuxiéme ascension, et premiére de 
Vaiguille rocheuse la plus haute parmi les quatre qui entourent le cratére, eut lieu 
par le nord et le nord-ouest le 5 Février 1956 (#°). Elle fut accomplie sous la direction 
du Capitaine René Gajardo par une expédition de l’Ecole Militaire Chilienne de 
Haute Montagne, récemment créée a Los Andes. A cette expédition étaient invités 
plusieurs civils, entre autres l'un de nous membre du Club Andeski de Valparaiso, 
(Juan Simken), chargé des observations glaciologiques. Il gravit les deux aiguilles sud 
(6740 m) et fit le tour de la montagne a mi-pente. 

Nous donnons ici une carte de la montagne (fig. 2), fragment de la carte aérienne 
trimetrogon au 1/250.000, agrandi, complété et corrigé. 

Nevado El Muerto, 6478 m, a l’est de l’Ojos del Salado, toujours sur la frontiére. 
Premiere ascension (par erreur d’ailleurs, le sommet visé étant le précédent) par 
Luis Alvarado, Carlos et Oscar Alvarez, et Jorge Belastino, le 23 Février 1950. 

Cerro Dofia Ana, 29°45’ lat. S, 20 km a l’ouest de la frontiére, 5690 m. Gravi 
le 27 Janvier 1956 par Oscar Gonzalez et Emilio Vicens. 

Cerro de las Tortolas, 29°56’ lat .S, sur la frontiére, 6323 m. 

Gravi le 19 Janvier 1956 par Bion Gonzalez et Oscar Gonzalez. Comme le précédent, 
ce fut au cours d’une expédition du Club Andino de Chile, en collaboration avec 
le Musée Ethnologique de La Serena, ala recherche d’autels incaiques sur les sommets. 
L’un de nous (Oscar Gonzalez) y était chargé des observations glaciologiques. 

Au cours de ces ascensions, au milieu de régions absolument arides, de petits 
névés et glaciers ont été découverts. S’ils n’ont d’autre intérét pratique que de ravi- 
tailler en eau les alpinistes, leur intérét scientifique par contre est trés grand, car ils 
n’ont presque aucun point commun avec l’idée que nous avons d’un glacier de mon- 
tagne. Pour simplifier le langage nous appellerons glacier tout champ de glace per- 
manent (du moins al’échelle d’une vie humaine), quelles que soient ses caractéristisques, 
sa forme et son mouvement; nous justifierons plus loin cette dénomination. Nous 
appellerons névé toute neige compacte, a grains arrondis,et de densité supérieure 
a 0,54 (porosité inférieure a 40 %), méme si elle n’a que quelques mois d’Age; comme 
c’est vraisemblablement le cas ici. 


ORIGINE DES PRECIPITATIONS. 


Si les cétes du Pérou et du Chili septentrional sont des déserts absolus, ce n’est 
pas seulement parce qu’elles sont bordées par le courant froid de Huinboldt, mais 
parce qu’elles sont a l’abri des grandes perturbations cylconiques. 
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Fig. 2 — Le Nevado Ojos del Salado, avec ses deux glaciers, ses* quatre aiguilles 
entourant le cratére (le rectangle noir indique une fumerole), et les routes d’ascen- 
sion des expéditions polonaise (1937) et chilienne (1956). 


De Décembre a Mars, l’air tropical humide venant de l’est améne de fortes 
précipitations sur la Cordillére Orientale de Bolivie, mais elles n’attaignent gueére la 
Cordillére Occidentale Seuls, a notre connaissance, le Volcan Sajama, sommet 
culminant de Bolivie (6520 m) est coiffé d’une grande calotte glaciaire (2), et non 
loin de 1a, a la frontiére chiléno-bolivienne, dans les Nevados de Payachata, le Volcan 
Pomerape (6240 m, 18°08’ lat. S) possede deux glaciers, I’un vers l’ouest et l’autre 
plus petit vers le sud (). 

Plus au sud, le haut plateau bolivien se prolonge dans la Puna de Atacama, 
avec la méme altitude moyenne de 3700 m, Les nombreuses chaines de montagnes 
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qui la bordent a l’est regoivent encore une certaine influence atlantique : non loin 
de Tucuman la Sierra de Anconquija qui culmine 4 5160 m, effleure la ligne d’équi- 
libre des glaciers actuelle, et présente plusieurs cirques glaciaires récents (27). Mais 
les nombreux sommets qui s’élévent de plus de 2000 m au dessus de la Puna ne recoi- 
vent en général pas assez de précipitations pour qu’un glacier quelconque puisse 
s’établir : il faut qu’ils la dominent de prés de 3000 m. La Puna de Atacama semble 
former un systéme isolé ot les vents, bien que trés violents (les Polonais ont enregistré 
110 km/h a leur camp de base de Tres Quebradas), sont provoqués par la topographie 
locale: ce sont des catabatiques. 

En Février, 4 midi, au sommet du Muerto (6178 m), la température de l’air 
était —10° C. A Tres Quebradas (3800 m), le méme mois, les Polonais ont enrégistré 
des températures de l’air de jusqu’a 21.4° C. La différence d’altitude entre les deux 
points est de 2620 métres dynamiques. On voit que le gradient de température peut 
devenir supérieur au gradient adiabatique de l’air sec (1° C/100 m. dyn.) sur d’énormes 
dénivelés. L’appel d’air chaud vers les sommets explique les orages locaux et les 
précipitations liées a la topographie. 

Sur ces volcans coniques les influences structurales sur l’emplacement des 
glaciers sont faibles; les radiations solaires sont proches de la verticale 4 midi; enfin 
la dissymétrie est-ouest dans l’ablation qui se produit lorsque celle-ci est due a la 
fois a la radiation solaire et a la chaleur de l’air (8) ne joue pas, l’air ne s’élevant 
jamais au dessus de 0°. L’on peut admettre alors que les glaciers se forment sous le 
vent des sommets, et déduire de Il’emplacement des glaciers la direction des vents 
dominants. 

Au camp de base de Barrancas Blancas (4600 m), au nord du Nevado Ojos del 
Salado, les vents dominants étaient du nord-ouest. Au nord de ce lieu s’étend une 
créte est-ouest, d’altitude moyenne 5500 m, dont l’un des sommets culminants 
(Volcan Pefias Blancas, 6020 m) a été gravi. Cette créte a huit « champs de glace » 
du cété sous le vent, c’est-a-dire sur le versant sud, dans de légéres dépressions 
qu’on ne peut encore appeler cirques. Mais au sommet de l’Ojos del Salado, le vent 
soufflait du sud et les glaciers se trouvent sur le versant nord-ouest. Plus a l’est, au 
Nevado EI Muerto. comme plus 4a l’ouest, au Nevado Tres Cruces, les glaciers sont 
de nouveau sur le versant sud. La région de l’Ojos del Salado semble donc bien 
étre un point de convergence de vents opposés. 

Plus au sud, dans le « Norte’ Chico », les vents dominants du sud-ouest qui 
régnent dans le Chili Central, d’origine cyclonique, font leur apparition. Mais a la 
différence du Chili Central et de la Patagonie ot les orages électriques sont presque 
inconnus, en été, dans les montagnes, il y a presque tous les aprés-midi, entre 15 h 30 
et 18h, des chutes de neige accompagnées d’éclairs. Au Dofia Ana il y a de minus- 
cules glaciers (des « planchones de hielo», c’est-a-dire des «champs de glace») 
au dessus de 4800 m, et non de 4150 m comme I’affirme Von Klebelsberg pour les 
sommets dominant la vallée de l’Elqui. Ils se trouvent de tous les cdtés de la montagne 
sauf au nord. Au Tortolas il existe un glacier sur le flanc sud-est, qui descend jusqu’a 
5600 m. 

Vers 32° lat. S, entre le Mercedario (6700 m) te le Cordon de la Ramada (6310 m) 
se trouvent les premiers grands glaciers, atteignant 12 km de long et descendant 
jusqu’a 4000 m (2°). Nous quittons la zone aride tropicale pour entrer dans une zone 
subtropicale de climat 4 peu prés méditerranéen (plus exactement californien), avec 
abondantes précipitations d’hiver, d’origine cyclonique. L’influence de la latitude 
et l’effet est-ouest signalé plus haut font que l’englacement y soit plus fort sur les 
flancs sud-est des montagnes (°»). 
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ETAT DE LA NEIGE EN ETE. 


La radiation solaire intense et le refroidissement nocturne tout aussi intense 
par suite d’un air tres sec transforment rapidement la neige en névé cohérent et y 
sculptent des pénitents, suivant un mécanisme que l’un de nous a décrit par aillleurs (48). 
Les pénitents sont omniprésents sur les champs de glace ou de névé. 

Une seule exception signalée: au Llullaillaco, entre 5600 et 6500 m du cété 
ouest, existait en Décembre 1952 un champ de glace lisse, sans névé ni pénitents. 
Nous l’attribuons au fait qu’il s’agissait d’une croupe de pente forte, bien exposée 
aux vents ascendants. La pente forte et l’exposition a l’ouest diminuent |’ ensoleille- 
ment (n’oublions pas que le ciel se couvre en général les aprés-midi), le vent ascendant 
est humide, aussi l’évaporation est-elle faible, et le mécanisme de formation des 
pénitents ne se déclenche pas. Les mémes faits s’observent dans les Andes de Santiago. 

Au Dona Ana, en Janvier 1956, on trouvait sur !cs glaciers des pénitents de 
névé de 40 a 60 cm de haut, partiellement recouverts de neige fraiche. Au Tortolas, 
mis a part un peu de neige fraiche, le glacier était a nu a cette époque, avec des péni- 
tents de glace trés étroits de 20 cm de haut. Au Nevado EI Muerto, vers 6000 m. 
Vexpédition Belastino trouva dans une légere dépression a peu prés horizontale, 
sur plusieurs hectares, des pénitents de névé gigantesques, de 5 a 8.m de haut. Toute 
cette neige avait du s’accumuler l’hiver précédent, car on n’observait qu’une strate 
de poussiéres a mi-hauteur, qui était parfaitement réguliére et s’était donc formée 
sur un champ de neige lisse. Sur du névé de plusieurs années (jamais observé d’ailleurs 
dans les Andes a pénitents), plusieurs strates de poussiéres, pertubées par les péni- 
tents, auraient été visibles. Cette hauteur de neige accumulée en un hiver et atteignant 
localement 8 métres laisse réveur. quand on pense qu’a Copiapo il ne tombe que 2 
cm d’eau par an ! 

En Février 1956, a1’Ojos del Salado, des pénitents de névé de jusqu’a 2 m de 
haut abondaient aux camps II (5300 m) et III (6100 m). Ils fournissaient des filets 
d’eau courante entre 10 h et 16 h. Au camp IV (6565 m) les pénitents étaient recou- 
verts de neige fraiche en franche fusion et imbibée d’eau, « pourrie ». Pourtant les 
temperatures de l’air a ces altitudes sont toujours négatives. Par recoupement ei 

interpolation des données trés incomplétes des divers alpinistes (toujours plus soucieux 
de noter les températures minima que les températures maxima !), on aboutit a une 
température de l’air en plein été oscillant entre 0° et —17° a 5300 m, entre —10° 
et —28° a 6500 m. Mais dans les couloirs entre les pénitents, ot la radiation solaire 
se concentre et ou lair se sature d’humidité, régne un microclimat  tout-a-fait 
différent. 


Les LACS GELES. 

Cette eau de fonte qui se forme dans les couloirs des pénitents et qui sature la 
neige forme parfois de petits lacs surglaciaires perpétuellement gelés. 

L’expédition polonaise a l’Ojos del Salado avait établi son camp d’altitude, 
dit-elle, au bord d’un tel lac gelé, vers 6400 m (probablement prés du sommet inno- 
miné 6660 m au sud de I’Ojos del Salado). L’expédition Gajardo a trouvé un autre 
lac gelé en haut du glacier inférieur, vers 5800 m. Au Tortolas, a la selle sud-est 
entre le sommet et-une antécime, vers 5900 m, existe aussi un lac gelé. Au Dona 
Ana un lac circulaire de 10 m de diameétre occupe le sommet; il est probablement 
logé dans un ancien cratére volcanique. 

Au Cerro Plomo (5430 m, 33°15! lat. S, 40 km au nord-est de Santiago), l’un 
de nous (O. Gonzalez) a observé la formation d’un petit lac gelé prés du sommet, 
au cours de la semaine passée 1a-haut avec Luis Krahl en fuuilles archéologiques 
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(c’est sur ce sommet qu’on a découvert le corps parfaitement conservé par le froid 
dun petit enfant inca). Ce lac gelé s’était substitué a un champ de pénitents sans 
qu’a aucun moment se forme une surface d’eau libre. 

Le mécanisme semble étre le suivant. Dans une dépression l’eau de percolation 
ne peut s’écouler, forme une nappe phréatique. L’ablation ne peut aller au-dela 
de cette nappe, constamment alimentée par les Nappes supérieures. Lorsque les 
pénitents atteignent cette zone, ils diminuent ct disparaissent. Simultanément le 
dégel aux heures chaudes de la journée ne peut plus se produire, et la surface de la 
nappe phréatique reste gelée. La fonte cependant se produit sous une couche de 
glace superficielle, sous l’effet des radiations solaires qui la traversent. Un effet de 
serre (fonte au sein d’une atmosphére froide sous une couche transparente) se sub- 
stitue a l’effet de pénitent (fonte au sein d’une atmosphére froide dans des creux). 
De petits micropénitents, de quelques centimétres de haut, peuvent apparaitre dans 
la pellicule de glace du lac gelé, mais ils ne peuvent traverser la pellicule de part en 
part, l'eau gelant dés qu’elle sourd 4 lair libre. 


Caillasse 
ve Lac gelé 


en surface 
SSS er 


Fig. 3 — Profil schématique du lac surglaciaire gelé 4 5800 m, a !’Ojos del Salado 


Le lac gelé étudié par l’un d’entre nous vers 5800 m 4a l’Ojos del Salado, lac 
dont nous donnons un profil schématique fig. 3, avait environ 20 m de long, 15 m 
de large et 1/2 m de profondeur. I] était couvert d’une couche de glace de 5 a 10 cm 
d’épaisseur, avec des micropénitents sur les bords. Cette surface n’était pas toute 
de niveau, mais formée d’une série de terrasses horizontales en escalier, avec une 
dénivellation d’un décimétre entre deux terrasses successives. L’existence de ces 
terrasses est évidemment incompatible avec un plan d’eau libre 4 un moment donné. 

L’eau alimentant le lac provenait des pénitents de névé des pentes supérieures 
(dessinés de profil sur le schéma, ce qui est inexact). Le lac devait son existence a 
un barrage de I m de hauteur, 8 m d’épaisseur et 15 m de longueur constitué par du 
soufre natif. L’apparition de cette butte de soufre au milieu du glacier inférieur reste 
‘un mystére. Peut-étre le lac occupait-il l’emplacement d’un ancien cratére adventice 
du volcan, peut-étre n’y a-t-il eu la autrefois qu’une solfatare? 

Ces lacs gelés des hauts sommets andins font penser aux lacs gelés observés dans 
une chaine de montagnes de 1l’Antarctique, dans une région oti la température de l’air 
est toujours négative, par l’expédition allemande Schwabenland (°). 


LES GLACIERS. 


Le seul glacier mentionné par von Klebelsberg entre le Sajama et le Mercedario 
se trouverait au Cerro Potro (5830 m, 28°24’ lat. S, a la frontiére). Rappelons tous 


les nouveaux glaciers découverts : 
Llullaillaco 6723 m, 24°23 lat. S: 1 champ de glace a l’ouest, entre 6500 et 5600. 


Pefnas Blancas, 6020 m, 26°49’ lat. S, 8 champs de glace vers 5500 m. 
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Région de I’ Ojos del Salado. 27°07’ lat. S environ. D’est en ouest on trouve 
successivement les sommets suivants, appelés tous Nevados, c’est-a-dire sommets 
enneigés (ou englacés) : 

Incahuasi, 6610 m: aucune donnée. 

El Fraile, 6044 m: une tache de neige perdure au nord-ouest sous le sommet. 

El Muerto, 6478 m: 2 petits glaciers presque entiérement couverts vers le sud. 

Ojos del Salado, 6885 m (cf. carte fig. 2). Un glacier part a 6600 m a l’ouest 
du cratére, se divise en deux lobes, l’un vers le nord, I’autre vers le nord-ouest, et 
disparait sous les sables vers 6100 m. Dans le prolongement, entre 5800 et 5400 m 
se trouve un deuxiéme glacier de pente plus forte, qui se divise aussi en deux langues. 

Sommet innominé 6660 m, en retrait des autres vers le sud: probablement non 
englacé. 

Cerro Solo, 6190 m: une tache de neige ou de glace visible sous le sommet en 
1937 avait disparu en 1956. 

Tres Cruces (nombreux sommets), 6330, 6620, 6030 m, etc. : Glaciers étendus 
sur les versants sud et quelques glaciers de cirque sur les versants est. En comparant 
des photographies de ces sommets prises depuis l’Ojos del Salado en 1937 et 1956, 
on ne remarque aucune différence appréciable d’englacement entre ces deux dates. 
Nous verrons toutefois qu’il faut a priori davantage s’attendre a des variations 
d’épaisseur qu’a des variations d’aire. 

Dofia Ana, 5690 m, 29°45’ lat. S: nombreux champs de glace au-dessus de 
4800 m de tous les cétés, sauf au nord. 

Tortolas, 6323 m, 29°56’ Lat. S: un glacier au sud-est entre 6320 et 5600 m. 

Les glaciers signalés sont des champs de glace compacte, plus ou moins ondulés, 
recouverts par endroits de moraine d’ablation. Dans le glacier inférieur de l’Ojos 


del Salado, l’un de nous a pu observer la stratification : il existe des lits de sable tous 3 


les 30 4 50 cm, qui se cumulent vers le bas pour former une moraine d’ablation de 
sable. Ce sable a sirement été amené par les tourbillons de vent. 30 a 50 cm, c’est 
Pordre de grandeur de la glace de regel formée chaque printemps dans les Andes 
de Santiago vers 4300 m, et qui peut se conserver enterrée sous les éboulis (8): 

L’on n’observe ni crevasse, ni autre trace de mouvement. Les glaciers sont 
souvent logés dans des cirques peu prononcés, entaillant légérement la pente, de 
grandes niches de nivation si l’on préfére, d’autres fois ils gisent sur la pente sans 
cirque du tout. 

Sur les cotés l’on n’observe pas de moraine, a leur sommet pas de rimaye : 
ils disparaissent sous les éboulis avec lesquels ils sont de niveau. Parfois l’amincisse- 
ment est visible, les cailloux du fond apparaissant entre les_pénitents de glace. 
Exceptionnellement au Tértolas le glacier se termine a 3 m du sommet par un fossé 
(Randkluft) de 1 m de profondeur. Ce fossé est di a la chaleur irradiée par les rochers 
voisins, non au mouvement. a ; 

En résumé il s’agit de champs de neige transformés sur place en glace, par regel. 
Quelques glaciers de ce type existent plus au sud, dans les Andes de Santiago, par 
exemple sur les flancs du Cerro Plomo ou du Volcan San José. Mais 1a ils voisinent 


avec des glaciers de cirque et de vallée, munis de rimaye, crevasses et moraines 
médianes. 


CONSIDERATIONS GENERALES. 


Certaines lecteurs s’étonneront que nous appelions glaciers des champs de 
glace et de névé sans mouvement appréciable. Pour eux un glacier est un fleuve de 
glace par lequel les précipitations solides en excés dans les hautes régions s’écoulent 
vers des régions ot l’ablation est plus forte. Comment appeler alors les champs 


298 


de glace observés? Car le mot « champ de glace » (icefield) a déja été employé 
pour désigner de grandes extensions de glace, de vrais petits inlandsis, se déversant 
par toute une série de glaciers périphériques. Et si un glacier de nos Alpes devient 
stagnant a la suite d’une longue série d’années déficitaires, va-t-il changer de nom 
en attendant des années meilleures? Il est génant de ne pas avoir un mot pour désigner 
toute grande masse de glace persistante dans la nature: inlandsis, shelf, icefield, 
icecap, glaciers de cirque, de vallée, de piémont, etc..., quelles que soient ses carac- 
téristiques. Nous ne voyons pas d’autre terme acceptable que « glacier ». 


Le schéma classique du glacier stricto sensu, de ce que nous appellerons un 


glacier évacuateur (°), est lié a la notion d’une Jimite des neiges persistantes, altitude 
a laquelle accumulation neigeuse devient égale a Vablation; au dessus toutes les 
régions de pente faible sont englacées. Comme l’un de nous l’a montré par ailleurs 
(®) la présence des pénitents et l’intense regel de l’eau de fonte modifient déja beaucoup 
ce schéma. L’on ne peut plus parler que d’une Jigne d équilibre du glacier, ou ablation 
nette sur le glacier (compte tenu du regel) égale la précipitation. Un glacier sans 
névé peut alors étre en équilibre au milieu de pentes douces de terre nue. 


Mais ce schéma modifié néglige encore les variations de la précipitation d’une 


année a l’autre. Dans les Andes de Santiago nous avons déja parlé de deux types 
d’années (* 8): 


1°) Années normales: précipitations annuelles a Santiago groupées autour de 


300 mm, ligne d’équilibre sur les Glaciers Olivares s’établissant vers 4600 m. 


2°) Années exceptionnellement humides: précipitations annuelles 4 Santiago 


groupées autour de 660 mm, la ligne d’équilibre sur les Glaciers Olivares s’établissant 
vers 3800 m. 


Plus au nord la dispersion des précipitations devient incomparablement plus 


grande. A San Juan (Argentine), la précipitation annuelle a varié, au cours des 
derniers 100 ans, entre 8 et 196 mm. 


Le schéma classique néglige aussi les facteurs topographiques locaux. Or, 


comme nous l’avons dit, ce sont ces facteurs qui provoquent et déterminent les 
précipitations. En premiére approximation il faudrait parler de la précipitation pour 
“un sommet donné, et non pour une altitude donnée. 


Finalement, suivant les années et suivant le glacier considéré, le glacier sera 


enti¢rement zone d’accumulation ou entiérement zone d’ablation. S’il se maintient, 
ce n’est pas parce que les bilans de sa partie haute et de sa partie basse se compensent, 
mais parce que les bilans des années successives se compensent. 


Pour étudier de tels glaciers stagnants on ne peut donc pas étudier les fluctu- 


ations de la ligne d’équilibre. Leurs variations d’aire sont en général inappréciables 
devant leurs variations d’épaisseur. I] faudrait choisir un point particuliérement 
représentatif de l’état général du glacier et y mesurer |’accumulation, |’ablation 
et le regel au cours du temps, c’est-a-dire faire des études stratigraphiques en un 
point donné. Nous doutons qu’on aille de sit6t creuser la glace 4 6000 m dans la 
Puna de Atacama, mais ces considérations restent en grande partie valables pour 
l’Antarctique ou les petits glaciers des Alpes du Sud. 


(*) 
(*) 
3) 
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CARTOGRAPHIE 


(meilleures cartes a ce jour) 


Pour le relief : World Aeronautical Chart de VA. A. F. au 1/250.000. Récemment 


traduite et rééditée par l'Institut Géographique Militaire chilien sous le nom de 
Carta Preliminar (une deuxiéme édition avec ombres est sous presse). 


Pour les cotes d’altitude et la toponymie : Dans le nord du Chili c’est sans conteste, 


la Carta Nacional au 1/500.000 de V’I. G. M. chilien (derniére édition, épuisée : 1945). 
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DER EISHAUSHALT AM HINTEREISFERNER 
IN DEN JAHREN 1952/53 UND 1953/54 


O. SCHIMPP 


SUMMARY 


Measurements on 54 gauges brought dates of the seasonal fluctuations of the 
glacier movement. The vertical component of the movement was especially determined. 
The length of the tongue of the Hintereisferner does not correspond to the alimentation 
in the firn-area, but is the rest of a passed glacier-stand. The vertical movement, along 
with annual accumulation and ablation data, gives a new solution to calculate the 
glacier-economy separated for alimentation- and ablation-area. This shows the real 
relations between alimentation and economy. 


EINLEITUNG : 


Die starken Veranderungen, die die Gletscher in geschichtlicher Zeit erfahren 
haben und besonders der auch dem Laien deutlich erkennbare Gletscherriickgang 
der letzten hundert Jahre, hat die Frage nach der Art und den Ursachen dieser 
Gletscherschwankungen aufgeworfen. 

Aus den meteorologischen Daten lassen sich diese Ursachen aus mehreren 
Griinden nicht ablesen. Da nur an wenigen Orten seit hundert Jahren eingehende 
meteorologische Messungen yorgenommen werden und die Meteorologie zu diesem 
Zweck mit fiifzigjahrigem Mittel arbeiten muB, sind die Unterlagen nicht ausreichend. 
AuBerdem sind die Gletscherschwankungen, beziehungsweise die Anderungen der 
Ernahrung, von einer Reihe von Faktoren abhangig, dem Niederschlag und seiner 
Verteilung, der Temperatur und der Strahlung. Eine kleine Anderung an einem dieser 
Faktoren, die durch Mittelwerte iiberhaupt noch nicht bestimmbar ist, kann bereits 
so groBe Schwankungen bewirken, wie sie in den letzten hundert Jahren stattgefunden 
haben. Da alle Faktoren gemeinsam die Gletscherschwankungen bestimmen, sind 
ihre Veranderungen um so kleiner und um so weniger bestimmbar. Der Umstand, 
da® der Gletscher bereits feinste Klimaschwankungen anzeigt, hat die glaziologische 
Forschung weiter an Bedeutung gewinnen lassen. 

Da die Gletscherkunde heute noch nicht in der Lage ist, die Ursache der 
Gletscherschwankungen zu klaren, ist es ihre Aufgabe, Material verschiedenster 
Art zusammen zu tragen, das in der Zukunft einmal eine Lésung des Problems ermég- 
lichen soll. Die beste Méglichkeit eine umfassende und genaue Aussage iiber die 
Ernahrung eines Gletschers zu machen, ist die Bestimmungs einer Massenbilanz 
also des Gletscherhaushaltes. Besonders H. W.: son Ahlmann hat in Wort und 
Schrift gefordert, Gletscheruntersuchungen so durchzufiihren, da&B sie eine Haus- 
haltsbestimmung erméglichen. 

Eine neue Méglichkeit einer genauen Bestimmung der Massenbilanz ergab sich 
aus den Untersuchungen des Verfassers am Hintereisferner (Otztaler Aipen) in den 
Jahren 1952-54. Die vertikale Komponente der Gletscherbewegung ist mit eine 
Arbeitsgrundlage dieser Methode. Wie unten im einzlenen ausgefiihrt wird hat sie 
den Vorteil fiir jeden Punkt des Gletschers, an dem gemessen wurde, gesondert die 
Jahresbilanz zu bestimmen. Sie erfordert aber fiir die Gesamtbilanz eine grofe Zahl 


genauer Messungen. 
Auch die Teiluntersuchungen dieser Arbeit, besonders die der jahreszeitlichen 
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Schwankung der Gletscherbewegung und der vertikalen Bewegungskomponente’ 
brachten neue Gesichtspunkte. Vom Herbst 1952 bis zum Herbst 1954 wurden 
durchschnittlich jeden zweiten Monat 54 Pegel eingemessen, um die Gletscherbe- 
wegung in der horizontalen und der vertikalen Komponente zu bestimmen. An den 
selben Pegeln wurde auch die Ablation, beziehungsweise die Akkumulation gemessen. 
Die Pegel waren in 8 Profilen am Hauptgletscher und in je einem Profil an den drei 
Seitengletschern angeordnet. Die Messung erforderte sieben verschiedene Theodolit- 
standpunkte. Daneben konnten noch Versuche einer Messung der tageszeitlichen 
Anderungen der FlieBgeschwindigkeit und einer Bestimmung der Bewegung am 
Untergrund des Gletschers gemacht werden. 

Die Wahl des Hintereisferners zum Arbeitsgebiet fiir diese Untersuchungen 
erfolgte aus mehreren Griinden. An keinem anderen Gletscher der Ostalpen sind 
bereits seit so vielen Jahren und in solchem Umfang Forschungen durchgefiihrt 
worden. Der Hintereisferner stellt durch seine gleichmaBige Gestalt beinahe das 
Modell eines Gletschers dar. Die dynamischen Verhiltnisse sind daher verhiltnis- 
maBig einfach. Es war auBerdem eine Erleichterung der Arbeit, daB das Begehen 
des Hintereisferners geringe bergsteigerische Anforderungen stellt. 

Im zweiten Arbeitjahr wurde diese Arbeit mit anderen Untersuchungen koor- 
diniert und auch andere Wissenschaftler eingeladen, am Hintereisferner ihre Studien 
zu betreiben. Diese Arbeitsgemeingschaft erhielt eine Unterstiitzung durch die 
Bayrischen Innkraftwerke, die Deutsche Forschungsgemeinschaft und den Deutschen 
Alpenverein. Meine Arbeit wurde vor allem durch Prof. R. Finsterwalder mit Rat 
und Tat unterstiitzt. Der Deutsche Alpenverein stellte mir als Messinstrument einen 
Wild T2 zur Verfiigung. Der Treuhandverwalter der deutschen Alpenvereinshiitten, 
Hofrat M. Busch gewahrte groBe Vergiinstigungen fiir den Aufenthalt am Hoch- 
jochhospiz. 


Die GLETSCHERFORSCHUNG AM HINTEREISFERNER : 


Durch eine groBe Zahl yon Untersuchungen, die fiir die Gletscherkunde von 
grundlegender Bedeutung sind, ist der Hintereisferner allgemein bekannt geworden 
Im folgenden soll die Bedeutung dieser Arbeiten kurz unterstrichen werden. 

Bereits 1847 wurden durch die Briider Schlagintweit an der Zunge des Hinter- 
eisferners Geschwindigkeitsmessungen durchgefiihrt (lit. 15). 

Im Sommer 1893 begannen A Bliimcke und H. Hess eine Untersuchungsreihe, 
die bis zur Gegenwart praktisch ohne Unterbrechung fortgefiihrt wurde. Einige 
ihrer Arbeiten stellen Pioniertaten dar und waren selbst mit den heutigen Hilfsmitteln 
nur unter gré%tem Einsatz durchfiihrbar. Das Besondere dieser Arbeiten liegt darin, 
dai sie, obwohl die intensive Gletscherforschung erst am Beginn war, auf jene Fragen 
eingestellt waren, die heute noch im Brennpunkt des Interesses stehen. 

A. Bliimcke und H. Hess haben 1894 mit der Karte des Hintereisferners 1:10000, 
die eine der ersten Gletscherkarten iiberhaupt ist, ein wertvolles Dokument geschaffen 
(lit. 8). Von 1984 bis 1910 wurden eine Reihe von Tief bohrungen versucht, von denen 
trotz einfacher Mittel und haufigen widrigen Umstanden 12 den Undergrund des 
Gletschers erreichten. Die FlieBgeschwindigkeit wurde an der Zunge mit Hilfe von 
Steinlinien im Firngebiet an Signalen bestimmt. 

1900-1904 untersuchte eine MeBreihe von A. Bliimcke und S. Finsterwalder 
an 18 Pegeln die Unterschiede zwischen Sommer-und Wintergeschwindigkeit. Die 
vertikale Komponente der Gletscherbewegung wurde estmals gemessen (lit. 6,7). 

Nach dem Tode von A. Bliimcke im Jahr 1914 wurden die Arbeiten yon H. Hess 
allein weitergefiihrt. In den Jahren 1917, 1918 und 1919 entstanden kleine Schichtpline 
vom Zungenende, die mit der Karte von 1920 den kleinen GletschervorstoB dieser 


302 


Karte 1 — Auftrag und Abschmelzung am Ende des Haushaltsjahres 1952/53 in 
Metern. 


Jahre anschaulich wiedergeben. Die Karte 1:10000 die H. Hess 1920 aufnahm, ist 
eine der ersten stereophotogrammetrischen Karten iiberhaupt (lit. 12, 13). Weiteres 
wertvolles Material lieferten die seismischen Messungen von H. Mothes 1926 und 
1928. 

Vom Jahre 1932 an tibernahmen H. Schatz und Prof. Vietoris die jahrlichen 
Nachmessungen. Ihnen ist es zu danken, da&B 1934 im Bereich des Hintereisferners 
einige Totalisatoren aufgestellt wurden, die seither wertvolle Daten liefern. Auch 
liber die Jahre des zweiten Weltkriges wurden die Beobachtungen fortgesetzt. 

Im Rahmen der Arbeitsgemeinschaft arbeiteten im Sommer 1954 H. Hoinkes, 
N. Untersteiner an Strahlungsbilanzmessungen und Frau Dr. Dirmhirn an Albe- 
domessungen. Mitglieder des Institutes fiir Geophysik der Universitat Miinchen 
fiihrten unter der Leitung von O. Fortsch ausgedehnte seismische Messungen durch. 

Im Herbst 1954 iibernahm H. Hoinkes einen Teil der Pegel der Arbeitsgemein-- 
schaft fiir vorbereitende Untersuchungen zum geophysikalischen Jahr. Plane fiir 
weitere Forschungen in den nachsten Jahren lassen hoffen, daB der Hintereisferner 
auch weiterhin ein Schwerpunkt der ostalpinen Gletscherforschung bleiben wird. 


Die KARTOGRAPHISCHEN UNTERLAGEN : 


Die fiir die Arbeit notwendige Kartengrundlage verdanke ich Prof. R. Finster- 
walder. Durch Angehdérige seines Institutes wurde im Herbst 1953 der gesamte 
Hintereisferner photogrammetrisch aufgenommen und im Makstab 1:10000 aus- 
gewertet. Zusatzliche Aufnahmen der Zunge im Herbst 1952 und im Herbst 1954 
ermoglichten, die Stande der Hintereiszunge in allen drei Jahren darzustellen. Das 
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Gebiet wurde von fiinf Standlinien aus aufgenommen. Die Berechnung des Netzes 
erfolgte im Koordinatensystem der Alpenvereinsvermessung. 

Die Karten von A. Bliimcke und H. Hess von 1894 und 1920, die Alpenvereins- 
karte von 1940 und der Schichtplan von 1953 bieten die MOoglichkeit iiber die Volums-, 
Hohen-und Flachenanderungen des Gletschers genaue Angaben zu gewinnen. Diese 
Untersuchungen hat bereits Prof. R. Finsterwalder durchgefiihrt (lit. 10). 


Diagramm 1 — Jahres- 
schwankung der Bewe- 
gung. Profil VIII, 3400 m. 


Diagramm 2 — Jahres- 
schwankung der Bewe- 
gung. Profil VI, 3000 m. 


~ 


Diagramm 3. — Jahres- 
schwankung der Bewe- 
gung. Profil V, 2900 m. 
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DIE HORIZONTALE KOMPENOENTE DER GLETSCHERBEWEGUNG : 


Als eine der bestimmenden Faktoren fiir die Gletscherdynamik und ihre wechsel- 
seitige Beziehung zu den Gletscherschwankungen, war die Gletscherbewegung das 
wichtigste Untersuchungsobjekt dieser Arbeit. 

Aus den vielen Méglichkeiten zur Bestimmung der FlieBgeschwindigkeit muBte 
jene Methode gewahlt werden, die einfache Handhabung mit verhaitnisma Big groBer 
Genauigkeit verbindet, Diese Bedingungen werden am besten erfiillt, wenn die Bewe- 
gung aus Winkelanderungen bestimmt wird. 

Um die Fehler aus der oft ungiinstigen Lage der Theodolitstandpunkte zum 
Profil ausschalten zu kénnen, wurden die Winkel auf eine senkrecht zur FlieBrichtung 
stehende Nullrichtung reduziert. Die Entfernung wurde aus den beiden Neigungs- 
winkeln zu den zwei Enden eines | mlangen, senkrecht stehenden Pegelteiles errechnet. 

Ein Vergleich der Durchschnittsgeschwindigkeiten im Langsverlauf des Gletschers 
zeigt die gréBte Bewegung nicht im Mittelteil.des Gletschers, im Bereich der groBten 
Machtigkeit des Eises, sondern bereits ober der Firnlinie in einer Héhe von 3000 m. 
Die Geschwindigkeitsabnahme von der Mitte zum Rand eines Profiles verlauft in 
einer parabolischen Kurve. Fast im ganzen Gletscherbereich tritt in der Profilmitte 
eine kleine aber deutliche Geschwindigkeitsabnahme auf. Sie erklart sich aus den 
beiden groBen Firnbecken und den daraus entstehenden zwei Teilstrémen. 


Lin re = 
Tag 
6- 


5- 


Diagramm 4 — Jahres- 
schwankung der Bewe- 
gung. Profil Ill, 2750 m. 


cm 2- c 
Tag | | be Diagramm 5 — Jahres- 
cm | | | l schwankung der Bewe- 
os REL sy are ap COU {era} gung. Profil I, 2400 m. 


Durch Mitteln der zwei Untersuchungsjahre und durch Ausgleichen grober 
Spriinge im Bewegungsgang entstanden Schwankungskurven eines Reprdasentations- 
jahres. Der Ausschlag der jahreszeitlichen Schwankung kann 100 % des Jahresmittels 
betragen. Beim Vergleich dieser Diagramme (Diagramme 1-5) in der Langsache 
des Gletschers zeichnen sich deutlich starke Verschiebungen ab. Besonders stark 
wird der Zeitpunkt des Geschwindigkeitsmaximums verlagert. Auch Form und 
Amplitude der Schwankung dndern sich von Profil zu Profil. Im obe en Firngebiet 
erhéht sich Ende April, Anfangs Mai die Geschwindigkeit bis zu 25% iiber den 
Jahresdurchschnitt. In den folgenden Monaten nimmt sie langsam wieder ab. In 
einem Profil bei 3000 m ist die Schwankung breit und michtig, im Profil 100 m tiefer 
ist die GeschwindigkeitserhGhung noch stark aber nur mehr einen Monat wirksam. 
Gletscherabwirts werden die Schwankungen wieder breiter aber auch flacher. An 
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der Zunge, wo das Bewegungsmaximum in den September fallt, ist der Geschwindig- 
keitsanstieg flach, der Abfall steiler. In einem Querprofil sind die Jahreskurven der 
Schwankungen ahnlich. Eine Bewegungsainderung tritt gegeniiber dem Stromstrich 
in den Randbereichen des Profils bis zu einem Monat verspatet auf. 

Wenn man fir jeden Monat Punkte gleichen Schwankungszustandes in eine 
Karte eintragt zeigt sich daB die GeschwindigkeitserhGhungen sich wie eine 
Druckwelle gletscherabwarts fortpflanzen. (Schwankungszutand — zunehmende oder 
abnehmende Geschwindigkeit, Bewegungsmaximum oder Minimum.) Dic im Mai, 
zur Zeit der héchsten Schneelage, in den oberen Firngebieten entstehenden Zonen 
von Maxima wandern mit einer Geschwindigkeit von 50-70 m pro Tag gletscherabwarts 
Die Druckwellen von den kurzen Seitengletschern erreichen den Mittelteil des Glet- 
schers lange bevor die Druckwelle aus dem Hauptfirngebiet in diesen Bereich gelangt. 
Kurze Zeit laufen zwei Zonen von Maxima parallel gletscherabwarts. Die obere 
Zone scheint dann ihre Kraft zu verlieren und lést sich im Juli im Bereich der Firn- 
linie auf. Die untere Welle lauft weiter und erreicht im September die Zunge. Im 
November bildet sich im Mittelteil des Gletschers eine groBe Zone von Minima. 
Sie teilt sich im Janner, ein Teil wandert ins Firngebiet, der andere zur Zunge. 

Ein Vergleich der Ergebnisse dieser Arbeit mit den Werten der MeBreithe von 
A. Bliimcke und S. Finsterwalder (lit. 6) 148t sich nur dann durchfiihren, wenn man 
den gewaltigen Gletscherriickgang beriicksichtigt. Die Bewegung ist mit dem Riickzug 
des Gletschers langsamer geworden. Der Gang der jahreszeitlichen Schwankung ist, 
so weit sich das aus dem damaligen Vergleich zwischen der Sommerbewegung und 
der Bewegung des iibrigen Jahres feststellen laBt, gleich geblieben. Auch die Unter- 
suchungen von W. Pillewizer (lit.14) am Mittelbergferner ergaben ahnliche Ver- 
haltnisse. 

Die Vergleiche zeigen, daB die Ergebnisse dieser Messung eine verallgemeinernde 
Verwendung finden kénnen. Der Einbau der gewonnenen Werte in eine Theorie der 
Gletscherdynamik mu8& von einem erfahrenen Physiker vorgenommen werden. 


DIE VERTIKALE KOMPONENENTE DER GLETSCHERBEWEGUNG : 


Die einzige Arbeit, die den vertikalen Anteil der Bewegung untersuchte und 
auch seine Bedeutung fiir die Gletscherdynamik berticksichtigte, war die MeBreihe 
von A. Bliimcke und S. Finsterwalder 1900-1904 (lit. 7). 

Da die Gletscheroberfliche im Firngebiet und an der oberen Zunge anndihrend 
konstant bleibt, muB die vertikale Bewegungskomponente den groBten Teil der 
Akkumulation und Ablation kompensieren, das hei®t im Firnfeld den Betrag des 
Auftrags abtransportieren und an der Zunge annahrend die Abschemlzung erginzen. 

Die Messung der vertikalen Komponente der Gletscherbewegung brachte nur 
zum Teil die gewiinschten Ergebnisse. Infolge groBer Fehler durch die Refraktion 
war es nicht méglich, die jahreszeitlichen Schwankungen zu untersuchen. Durch 
Auswahl grofer Me8zeitraume, konnte dennoch die fiir die Haushaltsberechnung 
notwendige Arbeitsgrundlage gewonnen werden. 

Die Berechnung erfolgte aus der Entfernung und dem Tangens des Héhenwinkels. 
Die Differenz der gewonnenen Héhen ergibt, nach Addition der Korrekturen aus 
der Instrumentenhohe und den Veraénderungen am MeBpegel, die vertikale Bewegung. 
Aus der horizontalen und der vertikalen Komponente konnte die Neigung der 
Bewegung errechnet werden. 

In Firngebiet zeigt die Bewegung eine stirkere Neigung nach unten. Gletscher- 
abwarts verlauft die FlieBrichtung immer flacher. An den seitlichen Zun 
und am Zungenende konnte eine sogar relativ zum Horizon 
Bewegung festgestellt werden. 


genrandern 
t aufwarts gerichtete 
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Der tatsachliche Einflu8 der vertikalen Bewegung auf den Gletscherhaushtal 
wird von der Neigung der Bewegung im Bezug auf die Oberfliche des Gletschers 
gekenntzeichnet. Im Bereich der 2900 m — Hohenlinie verlauft die Bewegung parellel 
zur Gletscheroberflache. Nach dem oben gesagten entspricht dies der Firnlinie. 
Im Firngebiet nimmt die Neigung des Einsinkens nach oben und nach den Seiten 
hin zu. Gletscherabwarts wird das Aufsteigen der Bewegungslinien aus der Oberflache 
immer starker geneigt. 

Auch in diesem Fall ergibt sich eine gute Ubereinstimmung mit den MeBwerten 
yon A. Bliimcke und S. Finsterwalder. Im oberen Zungenbereich sind die Neigungen 
sogar absolut gleich geblieben. 

Das in gewissem Sinne gesetzmaBige Verhalten der vertikalen Bewegungskom- 
ponente ergab eine neue Méglichkeit einer genauen Berechnung des Gletscherhaus- 
haltes. Begriindung und Anwendung folgt im Kapitel der Haushaltsberechnung. 


AAKKUMULATION UND ABLATION : 


Die Kenntnis des Auftrags und der Abschmelzung, als bestimmende Faktoren 
des Gletscherhaushaltes, ist eine notwendige Grundlage zur Berechnung der Massen- 
bilanz. 

An den 54 Pegelstangen der Geschwindigkeitsmessung wurde auch die Akku- 
mulation oder Ablation gemessen. Durch mehrere Schneedichtemessungen wurde 
besonders zur Zeit der héchsten Schneelage und am Ende des Haushaltsjahres die 
Schneedecke ihrer Masse nach bestimmt. 

Die Jahresendwerte der Jahre 1952/53 und 1953/54 sind in den Karten | und 2 
dargestellt. Ein Vergleich der beiden Jahre zeigt, daB bis zu einer H6he von 2700 m 


Karte 2 — Auftrag und Abschmelzung am Ende des Haushaltsjahres 1953/54 in 
Metern. 
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die Ablation fast ganz gleich geblieben ist. Die Unterschiede in der Ernahrung der 
zwei Jahre machen sich erst in den oberen Gletschergebieten deutlich bemerkbar. 
Die Firnlinie liegt im Sommer 1954 100-150 m tiefer und auch der FirniiberschuB 
ist durchschnittlich 1 m miachtiger als im Vorjahr. Der Unterschied der beiden Jahre 
ist auch deutlich aus Diagram 6 ersichtlich, das die Kurve aus Ablation und Seehdhe 
darstellt. 


J4o00-4 


3200 - 


Sooo - 


2800 - 


-~F <6 <5 ~4 -3 -2 -1 ce) +7 my 


Diagramm 6 — Ablationskurve. 


Die Schneedichtemessungen ergaben fiir die héchste Schneelage im Mai eine 
durchschnittliche Dichte von 0,35 und fiir das Ende der Ablationsperiode eine Dichte 
von 0,5. 

Durch Planimetrieren der in Karten eingetragenen Flachen kann man die 
absoluten Mengen der Akkumulation und Ablation bestimmen. Reduziert man die 
errechneten Volumen auf die Dichte von Wasser 1,0 und extrapoliert sie auf die 
gesamte Gletscherfliche, so erhalt man fiir 1952/53: Auftrag +1,56 Mill m3, 
Abschmelzung — 10,20 Mill. m*, Gesamtverlust — 8,84 Mill m°. Fir 1953/54: 
Auftrag +3,53 Mill. m?, Abschmelzung —8,49 Mill. m?, Gesamtverlust —4,96 Mill. 
m®. Das zweite Jahr zeigt also, trotz vollkommen verindertenr Ernahrungszustand, 
noch einen groBen Verlust in der Massenbilanz. Das Albationsgebiet ist unverhalt- 
nismaBig groB. Die Uberlange der Zunge entspricht einem friiheren Gletscherstand. 
Durch eine neue Methode muB also versucht werden, diese Zahlen in ihrer wahren 
Bedeutung fiir den Gletscherhaushalt auszuwerten. 


DER HAUSHALT DES HINTEREISFERNERS IN DEN JAHREN 1952/53 UND 1953/54: 


Wie schon in der Einleitung gesagt wurde, bietet eine Haushaltsberechnung die 
MOglichkeit, die Wirkung eines Jahres auf den allgemeinen Ernahrungszustand des 
Gletschers in einer klaren Form zahlenmaBig auszudriicken. 

Besonders H. W: son Ahlmann ist es zu danken, daB die Bedeutung einer 
Haushaltsberechnung fiir die glaziologische Forschung erkannt wurde. Bei allen 
seinen Expeditionen (Nordschweden, Spitszbergen und Island : 


; lit. 1-5) hat er die 
Bilanzbestimmung zum folgerichtigen Endziel seiner Arbeiten gemacht. Er bestimmt 
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méglichst genau fiir den ganzen Gletscher Menge und Dichte des Jahresiiberschusses 
der Akkumulation und die Ablation. Bezieht man die Werte auf die Dichte von 
Wasser 1,0 und subtrahiert man das abgeschmolzene Volumen vom Volumen der 
Akkumulation so ergibt sich die Massenbilanz. Diese Methode beriicksichtigt jedoch 
in keiner Weise, daB eine Veranderung im Erhnarungszustand eines Gletschers sich, 
je nach GréBe desselben, erst nach einer kiirzeren oder langeren Zeitspanne iiber 
den ganzen Gletscher bemerkbar macht. Die Ergebnisse einer solchen Berechnung 
bringen wohl die absoluten Zahlen der Volumendnderung. Sie kénnen den Zustand 
des Gletschers nur dann charakterisieren, wenn er seit einer Reihe von Jahren sich 
zuruckzog, stationar blieb oder vorstie&. 

Eine Haushaltsberechnung muB daher die verzégerte Auswirkung in den unteren 
Teilen des Gletschers ausschalten und die Ernahrungslage des Firngebietes gesondert 
betrachten. Das heiBt, sie muB® das Verhdltnis des Jahresiiberschusses der Akkumu- 
lation zum jahrlichen Abflu8 aus dem Firngebiet untersuchen. 

Die Arbeit von R. Finsterwalder (lit. 9) erfiillt die gestellten Forderungen 
dadurch, daB er den nach Lagally aus den Oberflachengeschwindigkeiten im Profil 
der Firnlinie errechneten EisduchfluB zur Menge des Akkumulationsiiberschusses 
in Beziehung setzt. Trotz der Schwierigkeit nach Lagally halbwegs sichere Werte 
fiir den Eisdurchflu8 zu berechnen, wurde diese Methode besonders auf Expeditionen 
mit Erfolg angewandt. 

Aus der groBen Zahl der oben genannten, verschiedenartigen Messungen am 
Hintereisferner ergab sich eine neue Moglichkeit zur Berechnung des Gletscher- 
haushaltes. Diese Methode beniitzt die vertikale Komponente der Gletscherbewegung. 
Sie griindet sich auf zwei grundsatzlich Feststellungen : 

Daaneinem stationaren Gletscher die Oberflache von Jahr zu Jahr konstant 
bleibt, muB zu ihrer Erhaltung der Auftrag oder die Abschmelzung von der vertikalen 
Bewegung ausgeglichen werden. Im Nahrgebiet mu8 also im Jahr die infolge dex 
vertikalen Bewegungskomponente einsinkende Firnmasse dem Betrag entsprechen 
den der Jahresiiberschu8 der Akkumulation bringt. Demgema8 ergainzt im Zehr- 
gebiet das, infolge der vertikalen Bewegungskomponente relativ zur Oberflache 
aufsteigende Eis, den Verlust durch die Ablation. Durch Vergleich der Betrage yon 
Auftrag oder Abschmelzung mit den Betragen der vertikalen Bewegung, kann der 
Ernahrungszustand fiir jeden einzelnen Punkt des Gletschers, von dem entsprechende 
Messungen vorliegen, bestimmt werden. 

Der folgende Satz behalt seine Giltigkeit, auch wenn Auftrag und Abschmelzung, 
der allgemeine Ernahrungszustand des Gletschers und das GréBenverhaltnis von 
Firngebiet und Zunge vollkommen aufer Acht gelassen werden: 

Wenn man die Schmelzung am Untergrund des Gletschers unberiicksichtigt 
14Bt, so muB die Volumsanderung im Nahrgebiet (bezogen auf die Dichte von Wasser 
1,0) durch das jahrliche Einsinken gleich gross sein, wie die Volumsanderung (Dichte 
1,0) durch das Aufsteigen der Bewegungslinien aus der Oberflache im Zehrgebiet. 
Daher entspricht diese Menge auch dem jahrlichen Durchflu& (Dichte 1,0) durch 
das Querprofil der Firnlinie. 

Durch Reduzierung der Werte der vertikalen Bewegungskomponente auf die 
Gletscheroberfliche erhalten wir die durch sie hervorgerufene Héhenanderung 
(Karte 3). Positives Vorzeichen bedeutet Aufsteigen der Bewegung aus der Oberflache, 
negatives bedeutet Einsinken. Addiert man den Jahreswert aus Akkumulation (++) 
oder Ablation (—) eines Punktes zum Bewegungswert, so erhalt man die Bilanz 
des betreffenden Punktes. Das ist die Héhenanderung der Jahresoberflache, resul- 
tierend aus Bewegung und Auftrag oder Abschmelzung. Ist also der Bilanzwert 
negativ, so hat sich die Obeflache gesenkt und der Ernahrungszustand ist daher 
negatiyv. Positive Bilanz bedeutet Hebung der Oberflache und positiven Ernahrungs- 
zustand. Diese Werte sind in den Karten 4 und 5 dargestellt. 
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Karte 3 —- Die Héhenanderungen durch die vertikale Bewegungskomponente in 
Metern. 


Karte 4 — Punktweise Jahresbilanz 1952/53 aus Auft 


rag und Eisabtransport, 
bzw. Abschmelzung und Eisnachschub (in Metern). 
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Karte 5 — Punktweise Jahresbilanz 1953/54 aus Auftrag und Eisabtransport, 
bzw. Abschmelzung und Eisnachschub (in Metern). 


Auch hier konnten durch Planimetrieren in den Karten die verschiedenen Volumen 
berechnet werden. Die Werte wurden auf die Gesamtflache des Gletschers extrapoliert 
und auf die Dichte von Wasser 1,0 bezogen. 

Besonders die Berechnung der Volumsanderung durch die vertikale Bewegungs- 
komponente brachte gute Ergebnisse. Es ergab sich ein Einsinken im Firnsgebiet 
von —2,18 Mill. m? Wasser, das heiBt diese Menge wurde auch gletscherabwarts 
abtransportiert. An der Zunge stiegen durch die vertikale Bewegung Eismengen 
mit dem Wasserwert von -+-2,11 Mill. m® relativ zur Oberfliche auf. Es ergibt sich 
die unerwartet geringe Differenz von —0,07 Mill. m*. Diese Differenz wiirde, wenn 
die Berechnung fehlerfrei ware, den Eisverlust durch die Druckschmelze und die 
Erdwirme am Untergrund darstellen. Das ware ein durchschnittlicher Verlust von 
—0,75 cm Wasser. Wenn auch in den letzten Jahren der Betrag der Abschmelzung 
am Untergrund allgemein als sehr klein angenommen wird ist dieser errechnete 
Wert doch zu gering. Wenn auch die vertikale Bewegung genau gemessen wurde, 
ergeben sich doch eine Reihe yon Fehlerquellen aus der Bestimmung der Obez- 
flachenneigung des Gletschers mit Hilfe der Karte, durch das Interpolieren beim 
Eintragen und Ungenauigkeiten beim Planimetrieren. Es laBt sich dennoch aus den 
Werten feststellen, daB trotz der enthaltenen Fehler die oben gemachten Annahmen 
berechtigt sind. Es’ ist noch besonders darauf hinzuweisen, daB die errechneten 
2,18 Mill. m* Wasser, die im Firngebiet einsinken, auch dem Durchflu8 durch das 
Profil der Firnlinie entsprechen. 

Aus den in den Karten 4 und 5 eingetragenen 6rtlichen Bilanzen, 1a8t sich fiir 
Nahrgebiet und Zehrgebiet eine getrennte Haushaltsberechnung durchfiihren. Fir 
das Haushaltsjahr 1952/53 ergibt sich auch fiir das Firngebiet ein Verlust yon —3,28 
Mill. m® Firn, das sind —1,64 Mill. m? Wasser. Die Zunge verlor —8,01 Mill. m? 


sult 


Eis oder —7,21 Mill. m® Wasser. Das gibt fiir den gesamten Gletscher einen Verlust 
von —8,85 Mill. m® Wasser, oder als Hodhendnderung ausgedriickt, einen durch- 
schnittlichen Héhenverlust von —95 cm. Das Haushaltjahr 1953/54 hat jedoch im 
Firngebiet eine positive Bilanz mit einem Firntiberschu8 von +1,50 Mill m* oder 
+0,75 Mill. m® Wasser. Im Zehrgebiet sind in diesem Jahr —6,92 Mill. m® Eis, das 
sind —6,22 Mill. m? Wasser verloren gegangen. Das ist fiir den ganzen Gletscher 
ein Verlust von —5,47 Mill. m? Wasser oder ein durchschnittlicher Hohenverlust 
yon —59 cm. Auch hier wird, wenn man die Gesamtbilanz des Gletschers betrachtet, 


der Wert durch die zu lange Zunge und die entsprechend erlahmende Bewegung ver- 
falscht. 
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Karte 6 — Konstruktion einer dem Ernahrungszustand des Gletschers entsprechen- 
den Zunge. 
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Eine ungefahre Kontrolle der errechneten Werte ergibt sich .daraus, daB die 
Eismasse durch die Bewegung nur verlagert aber nicht verandert wird. Die Gesamt- 
summe aus Akkumulation und Ablation soll daher mit der Summe der Bilanzberech- 
nung annahernd iibereinstimmen. Allerdings ist auch hier die unbekannte GréBe 
der Abschmelzung am Untergrund des Gletschers enthalten. Trotzdem ergibt sich 
fiir das Jahr 1952/53 eine erstaunliche Ubereinstimmung. Die Summe aus Auftrag 
und Abschmelzung ergab —8,84 Mill. m?, die Bilanzberechnung —8,85 Mill. m?. 
Die Fehler durch die ungenaue Bestimmung der Oberflachenneigung und durch das 
Interpolieren beim Eintragen in die Karte, lassen fiir das Jahr 1953/54 keine so gute 
Ubereinstimmung zu. Aus Akkumulation und Ablation ergibt sich ein Massenverlust, 
von —4,96 Mill. m? und aus der Bilanzberechnung ein Verlust von —5,47 Mill. m3. 
Ein vollkommen fehlerfreies Arbeiten nach dieser Methode ware nur mit einem 
ganz dichten Netz von MeBpegeln und einem riesigen Arheitsaufwand m6glich. 
Die oben angegebenen gegenseitigen Kontrollen zeigen nur einen maximalen Fehler 
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von 10%. Da fiir eine Haushaltsberechnung auf jeden Fall verschiedene Faktoren 
nur auBerst schwer zu bestimmen sind, ist dieser Fehler noch tragbar. Diese kontroll- 
lierten Ergebnisse beweisen die Richtigkeit der Arbeitshypothese dieser Haushalts- 
berechnung und zeigen, daB diese Methode auch praktisch anwendbar ist. Die 
Arbeitsweise dieser Berechnung ermdéglicht es also, die Gesamtbilanz so in einzelne 
Abschnitte aufzuschliisseln, wie es am Beginn dieses Kapitals gefordert wurde. Diese 
Methode kann fiir Nahrgebiet und Zehrgebiet, aber bei Bedarf auch fiir kleinere 
Gletscherabschnitte, getrennt die Bilanz und damit den Ernahrungszustand bestimmen. 

Wie bereits erwahnt lassen einige Umstande auf eine Uberlange der Zunge des 
Hintereisferners schlieBen. Die oben angefiihrten Berechnungen geben uns die Még- 
lichkeit eine Zunge zu konstruieren, die dem Ernahrungszustand des Firngebietes 
entspricht. Dafiir miissen notwendigerweise drei Dinge bekannt sein, die Durch- 
fluBmegen durch das Profil der Firnlinie (aus der Volumsanderung durch die vertikale 
Bewegung = 2,18 Mill. m* pro Jahr), der Untergrund des Gletschers (durch die 
seismischen Messungen von O. Fortsch und H. Vidal; lit. 11) und die Ablation in 
den verschiedenen Hohenstufen (Diagramm 6). Es wurde auf empirischem Weg 
eine Zunge mit einer entsprechenden Oberflache konstruiert, dass die Ablation gleich 
dem Nachschub von 2,18 Mill. m? war. Die Firnlinie wurde bei 1950 m angenommen. 
Es entstand eine theoretische Zunge von nur 2100 m Lange zwischen Firnlinie und 
Gletscherende. Die heutige Zunge hat aber eine Lange von 5300 m. Noch deutlicher 
zeigt ein Vergleich der Volumen der wahren und der konstruierten Zunge die Uber- 
lange des Hintereisferners. Wahrend die tatsachliche Zunge 460,8 Mill. m? Eis 
beinhaltet, kénnte die jetztige Ernahrungslage des Gletschers, ensprechend den gege- 
benen Formen des Untergrundes, nur eine Zunge mit 97,0 Mill. m? Volumen erhalten. 
Die Zunge ist also um 363,8 Mill. m® zu groB. Das Ende der konstruierten Zunge 
wirde direkt unter der Einmiindung des Langtauferer-Joch-Ferners liegen, derse!be 
hatte keine Verbindung mehr mit dem Hauptgletscher. Die konsrtuierte Zunge ist 
in der Karte 6 dargestellt. 

Nach dem Beweis der Richtigkeit und der Verwendbarkeit dieser Methode, 
soll diese zuletzt angefiihrte Berechnung zeigen, daB die Anwendung dieser neuen 
Art der Haushaltsbestimmung berechtigt und notwendig ist. 


ZUSAMMENFASSUNG : 


Die vorliegende, 1952-54 am Hintereisferner durchgefiihrte Arbeit hat die 
Akkumulation, die Ablation und besonders die Gletscherbewegung, in horizontale 
und vertikale Komponente getrennt, untersucht. Das Endziel der Arbeit war es, diese 
Ergebnisse zusammenzufassen und daraus den Gletscherhaushalt der beiden Unter- 
suchungsjahre zu bestimmen. 

Die Messung der horizontalen Gletscherbewegung brachte besonders hinsichtlich 
der zeitlichen und radumlichen Verteilung der Jahresschwankungen neue Gesichts- 
punkte. Die vertikale Komponente zeigte ein gesetzmaBiges Verhalten, im Nahr- 
gebiet ein Einsinken relativ zur Oberflaiche, im Zehrgebiet ein Aufsteigen. Die Unter- 
schiede der in den zwei Untersuchungsjahren gemessenen Akkumulation und Ablation 
lassen erkennen, dass die beiden Jahre fiir die Ernahrung des Gletschers engegengesetzte 
Wirkung hatten und fiir die jetztigen Verhaltnisse Extreme darstellen. Die Haus- 
haltsberechnung muBte mit einer neuen’ Methode durchgefiihrt werden. Da die Uber- 
lange der Zunge des Hintereisferners einem friiheren Hochstand entspricht, war es 
notwendig, das MiBverhaltnis zwischen Nahr- und Zehrgebiet auszuschalten. Mit 
Hilfe der vertikalen Bewegungskomponente war es méglich,fiir Firngebiet und Zunge 
den Haushalt getrennt zu bestimmen und dadurch die wahren Ernahrungsverhaltnisse 
aufzuzeigen. Aus den gegebenen Daten konnte eine Zunge konstruiert werden, die 
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dem Ernahrungszustand des Firngebietes entsprechen wiirde. Sie hatte nur mehr 
ein Drittel der Lange der heutigen Zunge. 


Die Arbeit konnte durch Anwendung neuer Methoden einen Beitrag zur Lésung 


verschiedener glaziologischer Fragen leisten, sie hat abe: besonders in Bezuy auf die 
Gletscherdynamik einige neue Fragen aufgeworfen. 
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L’ACTIVITE DU COMITE GLACIOLOGIQUE 
ET LES VARIATIONS DES GLACIERS ITALIENS EN 1956 


Pror. MANFREDO VANNI 


ABSTRACT 


L’auteur rapporte les multiples activités du Comité Glaciologique Italien, 
s’arrétant particuli¢rement sur les séries de données recueillies en trente ans de 
contréle des principaux glaciers; enfin, en se basant sur les résultats de la derniére 
campagne glaciologique de 1956, il montre la possibilité, pour les glaciers alpins, 
de l’approche d’une nouvelle phase de progression apres 40 ans de notable régression. 


Le Comité Glaciologique Italien s’occupe activement depuis plusieurs dizaines 
d’années de |’étude des glaciers. 

Créé en 1895 a Turin, grace a l’initiative du Club Alpin Italien, sous le nom de 
Commission Glaciologique, il commencga’ a déployer son activité en faisant des 
recherches variés, de caractére morphologique, descriptif et topographique. Le 
relief sur grande échelle du Glacier du Miage, sur le Mont Blanc, oeuvre du Prof. 
F. Porro, date de ces premiéres années. 

Cette Commission intensifia de plus en plus son activité et se transforma en 1914 
en Comité Glaciologique Italien, avec comme Président le Professeur Carlo Somig- 
liana, illustre mathématicien et glaciologue de valeur. 

Ainsi commenga la publication du Bulletin du Comité Glaciologique Italien 
qui a déja donné une premiére série de 25 volumes et une deuxéme série de 6 volumes, 
véritables recueils de travaux importants auxquels ont collaboré I’Institut Géogra- 
phique Militaire de Florence et le Club Alpin Italien. 

I] n’est point de sujets se rapportant 4 la glaciologie que le Comité Glaciologique 
n’ait traités et approfondis, des recherches sur le mouvement des glaciers de 
Somigliana aux études du climat des Alpes de Monterin, en passant par les mono- 
graphies des grands glaciers du méme Monterin, de Vanni, d’Abbadessa, par les 
études morphologiques de Valbusa, de Capello, de Sacco, par les études plus typique- 
ment géophysiques d’Aliverti, qui se rapportent a la glaciation actuelle, par l’étude 
du Quaternaire de Sacco, Trevisan, Pasa, etc. qui nous améne a la riche série des 
relévements stéreogrammétriques, intensifiés au cours de ces derniéres années, et 
enfin aux recherches hydrologiques et hydrographiques de Volta et de Fantoli. 

Outre a ce recueil singuliérement riche, le Comité Glaciologique offre aux hommes 
d’études les résultats d’une autre de ses importantes activités, c’est-a-dire des données 
sur les variations des principaux glaciers italiens des Alpes et des Appenins. 

Grace a une campagne continue, faite réguliérement tous les ans depuis 1927, 
nous avons 4a notre portée une grande quantité de données extrémement utiles pour 
pouvoir déterminer les cycles de variations de la couche glaciaire. C’est sans aucun 
doute une des plus grands mérites du Comité Glaciologique Italien d’avoir ainsi 
permis de confronter les variations des glaciers italiens et des glaciers francais, suisse 
et autrichiens. 

Ces contréles réguliers, confrontés avec d’autres documentations sur la glaciation 
passée, permettent d’arriver a d’intéressantes conclusions sur les cycles glaciaires. 

Monterin a pu mettre en évidence qu’il existe probablement un rapport entre 
les taches solaires qui se forment tous les onze ans et les variations des glaciers, 
ouvrant ainsi la voie a une série de recherches sur la relation pouvant exister entre 


le magnétisme solaire, le climat et les dites variations. 
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Un plus vaste examen permet en outre d’établir qu’il existe sans doute outre 
les cycles de onze ans, des cycles semi-séculaires, ainsi que l’affirme Kéechlin pour 
les glaciers de la Suisse. En outre, Monterin croit pouvoir démontrer, en recon- 
struisant des oscillations glaciaires plus amples, qu’il ‘existe également un cycle de 
300 ans, qui aurait un rapport avec les variations du niveau marin. 

Les résultats que le Comité a atteints sont donc d’un notable intérét. car ils 
offrent une série de données qui, jointes a d’autres données plus anciennes, permet- 
tent d’établir les cycles des variations glaciaires déja liés aux cycles climatiques. 

Les deux éléments fondainentaux du climat, la température (moyenne estivale) 
et le. précipitations (neigeuses) peuvent étre considérés comme les éléments de base 
permettant d’expliquer et de suivre la marche des cycles glaciaires. 

Ainsi que chacun le sait, depuis plusieurs années, et méme en tenant compte 
des oscillations, nos glaciers sont en phase de régression intense et continue. Cet 
état de choses correspond a une diminution des chutes de neige hivernales et a une 
légére augmentation de la température au cours des mois allant de Mai a Septembre, 
selon les données recueillies dans les différentes stations météorologiques alpines. 

La hauteur moyenne de la couche de neige hivernale qui oscillait entre les mini- 
mums de 1 m 20 et 2 m 20 enregistrés (1) au cours des années 1929/30 et 1936/37, 
est descendue a des moyennes allant d’un minimum de 20 cm a un maximum de, 
1 m 40 durant la période comprise entre les années 1946/47 et 1955/56. 

En méme temps, les températures moyennes des mois de printemps et d’été 
qui oscillaient entre un minimum de 4° 5 et 5° 50 durant la période allant de 1929 
a 1936, montérent a 5° et 7° environ entre 1943 et 1956 (). 


Dans l'ensemble donc, depuis de nombreuses années, les 2 facteurs de la glacia- 
tion ne sont pas favorables 4 une conservation et encore moins a une expansion 
de la couche glaciaire. 

L’examen paiticulier des données recueillies au cours des derniéres années et 
jusqu’a 1956 peut toutefois étre intéressant. 


En 1956, ia campagne glaciologique annuelle s’est déroulée réguliérement; en 
voici les résultats qui pourront entrer dans le cadre de la marche générale de la 
glaciation au cours de ces derniéres années. 120 glaciers furent contrélés, dont 9 % 
se réyélérent en progrés, 23 % s.ationnaires ou incertains, et 68 % en régression 
absolument nette et décisive. La phase de régression est donc encore intense en 1956 
et est en relation directe avec les conditions météorologiques au cours de l’année. 
Au cours de l’hiver 1956, c’est-a-dire du mois de Novembre 1955 au mois d’Avril 
1956, les chutes de neige n’ont pas été abondantes; la station du Gabiet. par exemple, 
a 2340 m d’altitude, sur le Mont Rose, a enregistré une hauteur moyenne de ja couche 
de neige de seulement 82 cm, ce qui représente une diminution notable par rapport 
a la période hivernale précédente, au cours de laquelle on était arrivé a 167 cm, 
mais toutefois supérieure a I’épaisseur enregistrée au cours de l’hiver 1953/54, qui 
était de 81 cm. La température moyenne des mois de printemps et d’été (Mai a 
Septembre) fut d’environ 6° 3, inférieure donc a celle de 1936 qui avait été, au cours 
des mémes mois, de 6° 5. Le climat de Pannée 1955/56 a présenté les mémes carac- 
teres dans les autres stations météorologiques alpines. C’est ainsi qu’a la station 
du Pian Fedaia, sur la Marmolada, la hauteur de la couche de neige a été de 63 cm 
par rapport aux 69 cm de l’année 1954/55, et la température moyenne a au contraire 
présenté une légére augmentation par rapport a 1955, se rapprochant de celles de 
1952 et 1953. c’est-a-dire atteignant les 9° 3 et 8° 9, respectivement. 


(7) Enregistrées a4 l’Observatoire du Gabiet (alt. 2340 m) sur le Mont Rose. 


re (*) Enregistrées a l’Observatoire du Grand St. Bernard (ait. 2467 m) Vallée 
*Aoste. 
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Si l’on observe les précipitations, on doit toutefois noter que les précipitations 
de neige hivernales (de Novembre a Avril) ont diminué, mais que les précipitations 
annuelles ont été plus ou moins les mémes; en effet, en 1954/55 on a enregistré au 
Gabiet 777 mm de précipitations, et on en a enregistré 730 mm en 1955/56. Les 
observations faites en 1956 confirmeraient donc le phénoméne qui a été noté depuis 
diverses années, c’est-a-dire la tendance des précipitations a se déplacer des mois 
hivernaux aux mois printaniers et estivaux, fait qui influerait sur l’enneigement hivernal 
et sur la régression glaciaire, étant donné que les neiges d’été ne peuvent alimenter 
que les bassins montagneux les plus hauts, et n’ont qu’une maigre influence sur les 
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régions moins élevées, tels que les bassins les plus bas de récolte et les langues glaci- 
aires. Les personnes qui parcourent la haute montagne, au-dessus de. 3500 m, peuvent 
constater combien les glaciers élevés sont neigeux par rapport aux langues décou- 
vertes et crevassées, en régression frontale et latérale. 

Si l'on examine ensuite les températures des mois de printemps-été (Mai- 
Septembre) on constate que si, dans l’ensemble, elles sont supérieures a celles des 
décennies passées, elles sont, par rapport a celles de ces derniéres années, en légére 
diminution, explicable du fait de l’augmentation des précipitations en été et donc 
du mauvais temps qui favorisent cette diminution, et, en conséquence, minimisent 
Vablation des langues glaciaires, ce qui a comme résultat une sensible atténuation 
de la régression, qui continue, oui, mais au ralenti. 


a ae re SSeS STE ee eR ee 
; Station du Gabiet (alt. 2340 m) 
Température moyennes en C° pour la période Mai-Septembre 


1050 YG Noter Vindice graduel 
1951 6° 8 de régression de 1950 
1952 7° 4 a 1956 (7° 6 a 69 3 GC.) 
1953 WOE 
1954 6° 8 
1955 6235 
1956 NE} 


Les pourcentages des glaciers en régression, stationnaires, incertains, prouvent 
le phénoméne qui est confirmé d’autre part par les observations faites sur les glaciers 
du versant Suisse, ot) Mercanton note justement une sensible augmentation des 
glaciers en phase incertaine et une atténuation de la régression. 

Voici un tableau des données concernant nos glaciers, de 1946 a 1956 (3) 


a eee 


Glaciers en régression incertains ou en progrés 
(en %) stationnaires 
1946 84% 10% 6% 
1947 92% 4% ~ 4% 
1948 80 % 14% 6% 
1949 195 3% 2° 
1950 954, 4% iD, 
1951 86% 4% 10% 
1952 87% 11% 2% 
1953 19 Ts 12% 
1954 82 Yo 9 Yi, 9 oy 
1955 80,5°% 15,4 % 4% 
1956 68 % QBVY, 9% 


ee ee oe 


") — Voir graphique 1 


318 


Ces données sont une preuve évidente de augmentation notable des glaciers 
incertains ou stationnaires, ce qui laisse prévoir une phase prochaine de reprise glaci- 
aire, aprés un ¥ siécle d’intense régression, au cours duquel on a pu constater, pour 
certains glaciers, des reculs de plus de 400 et 500 metres, et des diminutions d’épaisseur 
variant entre 40 et 50 métres. 

Les contréles effectués en 1956 sont en harmonie, dans l’ensemble, avec la marche 
de ces dix derniéres années, c’est-a-dire avec la tendance du phénoméne de régression 
a diminuer, et confirment donc les conclusions des Glaciologues sur les variations 
des glaciers au cours de I’Histoire, étant donné que les oscillations mineures, ainsi 
que nous l’avons rappelé, correspondent a des périodes climatiques également 
mineures, et entrent dans le cadre de cycle glaciaires plus vastes correspondant a leur 
tour a des cycles climatiques également plus vastes. 

Nous sommes donc dans une période de régression apparente, car en observant 
le phénoméne sur plusieurs siécles, nous nous rendons compte que nous faisons 
partie d’une grande oscillation millénaire positive, que Kéechlin appelle primaire(?) 
et que l’on peut représenter par une a grande courbe dans laquelle s’encastrent 
d’autres courbes mineures ou courbes secondaires de 300 ans, et des courbes semi- 
séculaires de 40 a 50 ans, dans lesquelles a leur tour viennent s’encastrer d’autres 
courbes, les unes tous les onze ans, les autres annuellement. En conclusion, nous 
nous trouvons donc dans une période de refroidissement millénaire, mais 4 un moment 
de réchauffement séculaire : et c’est ce second phénoméne que nous sommes a méme 
de controler et qui joue un role important dans [histoire contemporaine (Kéechlin). 

Les observations faites sur les glaciers italiens confirmeraient que les glaciers 
ne sont pas destinés a subir d’ultérieures diminutions de leur superficie et de leur 
épaisseur: dans les siécles 4 venir, la glaciation devrait s’intesifier graduellement, 
étant donné qu’une période climatique de refroidissement terrestre, dont la durée 
devrait étre de 1000 a 1500 ans, a commencé au XVlle siécle. 

Nos glaciers, actuellement en régression, sont donc malgré tout bien plus étendus 
qu’ils ne l’étaient au Moyen-Age, époque a I’aquelle la glaciation vait étre notable- 
ment plus réduite en raison d’une longue période de climat plus chaud que le notre 
dont a joui la terre 4 ce moment-la. 

Il apparait donc évident que les contréles réguliers effectués par le Comité 
Glaciologique Italien, méme s’ils ne portent que sur une période limitée, permettent 
de tirer des conclusions intéressantes qui pourront étre confirmées grace aux contréles 
que, dans l’avenir, ce Comité entend non seulement continuer, mais intensifier. 


(*) KoecHLIn R. — Les glaciers et leurs mécanismes — Libraire de |’Université 
— Lausanne 1944. 
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MESURES D’ABLATION AU HOFSJOKULL (lIslande) 1954 


Cu. P. PEGUY 
(France) 


ABSTRACT 


Au cours de l’été 1954, une expédition légére francaise a effectué des obser- 
vations glaciologiques sur le secteur N.E. du Hofsjékull, coupole glaciaire trés 
surbaissée de quelques 980 kilométres carrés située a peu pres exactement au centre 
de I'Islande. Il s’agissait des mesures physiques classiques que l’on effectue aux 
abords de la firn-line. 

L’ablation est, pour des températures ambiantes identiques, sensiblement plus 
faible en aodit qu’en juillet ou juin. Pour l’ensemble de la période de fusion, la perte 
de substance a été évaluée a une lame d’eau de 1.600 mm a 1000 metres daltitude, 
et de 950 mm a 1.200 métres. 

En s’appuyant d’autre part sur les observations météorologiques les auteurs 
ont pu fixer, sur ce secteur, le «niveau de neiges persistantes >» aux environs de 
1.150 métres, le « niveau d’équilibre glaciaire » (notion mécanique intégrant I’hypso- 
métrie du glacier) devant s’établir 60 ou 80 métres plus haut. 

Les diverses langues émises par I’Ice-Cap sur la périphérie présentent des aspects 
physiques fort variés. Au nord de I’éperon rocheux coté 1.456 métres, le glacier était, 
a la mi-aoat, encore recouvert jusqu’a son front d’une couche de pres d’un métre 
de neige a gros grains de densité 0,55 a 0,60. Au sud, par contre, de ce méme point 
s’étendait un vaste lobe complétement déneigé, accidenté de bédiéres et de dirt-cénes. 
Une hypothése plausible pour rendre compte d’aspects aussi opposés serait d’imaginer 
que le névé, a ces altitudes (65° N) s’élabore bien plus lentement que dans les Alpes, 
si bien que sur les émissaires en pente plus forte, les masses de glace peuvent déja 
descendre sensiblement en dessous de la limite climatique des neiges persistantes en 
conservant un faciés « neige de printemps ». 


Au cours de l’été 1954 une expédition légére francaise a effectué des observations 
glaciologiques sur le secteur Nord-Est du Hofsjékull, coupole glaciaire trés sur- 
baissée de quelques 980 km? située a peu prés exactement au centre de I’Islande. 
Des mesures d’ablation furent notamment effectuées, de la mi-juin a la mi-aott, 
tant sur le glacier lui-méme que sur des champs de neige non-permanents situés 
aux abords du glacier. 


1°. SITUATION TOPOGRAPHIQUE. ~ 


Les champs de neige non-permanents qui firent l'objet de mesures étaient situés 
a proximité de la cabane du Laugafell (65°02’ lat. N., 18°18’ W Greenw. alt : 730 m 
environ) ot une station météorologique provisoire fut montée. A cette altitude, 
la neige couvrait encore, ala mi-juin, plus du quart de la surface du sol, principalement 
dans les creux ou le vent I’avait accumulée. Une telle proportion devait étre d’ailleurs, 
pour l’époque, trés anormale par défaut: le bi-mestre avril-mai 1954 avait été en 
effet, en Islande du Nord, marqué par une température supérieure de plusieurs dégrés 
aux «normales », ce qui avait da accélerer la fusion. Moins de deux mois plus tard, 
d’ailleurs, les derniers vestiges de neige avaient achevé de disparaitre, tout au moins 
en dessous de 850 métres d’altitude. 

En ce qui concerne le glacier lui-méme, en notera d’abord que les diveres langues 
émises par l’Ice-cap sur sa périphérie, méme en se cantonnant au secteur Nord-Est 
que nous avons seul étudié, présentent des apsects physiques trés variés. 

Au nord de I’éperon rocheux coté 1456 métres, la pente du glacier est — pour 
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P’Islande — relativement forte (environ 13 °/). Sur cette langue, nous avons trouvé: 
jusqu’a la mi-aoit, un glacier couvert de neige a gros grains, de densité 0,55 — 0,60, 
et cela jusqu’a son front, vers 840 métres. La fusion ne paraissait se manifester — 
« a yue>— que par des suintements d’eau Aa la partie supérieure des crevasses : 
cette eau ne doit pas tarder a se recongeler a nouveau. On n’observait aucune bédiére, 
sauf au voisinage immédiat de la moraine frontale. Par contre, toute une partie du 
glacier se termine ici sur un lac frontal, non figuré surla carte au 1/100.000 du Geode- 
tisk Institut, probablement parce que le glacier occupait encore son emplacement 
lors du levé de celle-ci. La nappe d’eau de ce lac parait reposer sur de la glace. 
Dans le lac, le glacier se disloque par rotation en petits icebergs allongés dont la 
plus grande dimension est paralléle au front. 

Dans ces parages, l’expédition installa un thermométre enregistreur sur une 
barrette rocheuse du glacier, cote 955 métres environ. 

Au sud de l’épaulement portant la cote 1456 les choses se présentaient de facon 
toute différente : ici, le glacier descend avec majesté de la zone sommitale elle-méme, 
sur plus de 15 kilométres, la pente restant de l’ordre de 5 °%. On l’abordait par un 
lobe de glace vive assez creyassé, et il fallait monter aux environs de 1200 métres 
pour voir la neige le recouvrir enti¢rement. Sur ce lobe, on voit I’eau ruisseler partout : 
les ruisselets se joignent en bédiéres qui*dessinent souvent de véritables méandres. 
L’approfondissement de ces bédiéres a été estimé a plus de 10 centimétres par jour 
en juillet, l’encaissement apparent étant diminué de ce que l’ablation enléve en méme 
temps a la surface méme du glacier. La bédiére ne peut commencer a se creuser que 
la ot l’érosion gagne de vitesse l’ablation. Si les cours d’eau les plus voisins du front 
atteignent directement celui-ci, ceux nés dans les parties hautes du glacier se perdent 
par contre dans les crevasses. disparaissent dans des « moulins», et circulent en 
profondeur pour résurger peu avant d’atteindre le front. Ces résurgences se font 
dans des grottes a plancher de glace, il ne parait pas que nulle part les bédiéres puissent 
scier la glace jusqu’a atteindre son substratum. 

A sa partie inférieure, le glacier est accidenté de dirt-cdnes: monticules céniques 
de sable ou de limon dont la hauteur peut aller de quelques décimétres a plus de 2 
métres. En fait, sables et limons ne forment jamais qu’un matelas de 2 a 3 décimétres 
d’épaisseur protégeant de la fusion le culot de glace qui forme partout l’ossature 
du relief: il s’agit done bien de formes micro-topographiques liées a |’ablation. 

On notera enfin que le lobe glaciaire situé au sud de cet éperon 1456 est partout 
bordé d’un mollisol. Au contraire, au nord de ce point les émissaires du lac frontal, 
ou de glacier lui-méme, traversent un « sandur» bien drainé dés juin. 


2°. LES RESULTATS BRUTS. 


Les mesures effectuées comprenaient, répétées a des intervalles de 10-14 jours : 

— une lecture directe de l’affleurement de la neige sur une balise. 

— un «sondage de battage » permettant d’apprecier le résistanec a la percus- 
sion des diverses couches de neige, ou de névé, traversées, jusqu’a 3 métres de profon- 
deur. 

— un « sondage-pesée » permettant de détreminer la valeur en eau de la tranche 


de neige subsistant au dessus d’un plan-repére. 


A. — Sur un résidu neigeux non-permanent, un chiffre record d’ablation fut 
observé les 16-19 juin, vers 720 matres d’altitude: l’abaissement du niveau lu sur 
la balise fut de 43 cm en 78 heures, soit environ 13 cm par jour. La densité de la neige 
étant ici de 0,54 cela correspondait a une valeur en eau de 70 mm. Sans doute cette 
période vit-elle des températures anormalement élevées (7°3 de température moyenne 
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pour les 4 jours a notre poste tout voisin) mais une telle ablation ne nous parait 
pas moins trés exceptionnelle. 

Un autre caractére de ces résidus neigeux non-permanents est qu’ils montrent, 
pour des profondeurs de l’ordre de S50 a 80 cm, une resistance au battage trés supérieure 
a celle offerte, aux mémes profondeurs, par la neige établie sur substratum glaciaire. 


B. — Sur le glacier des mesures systématiques furent effectuées sur la langue 
située au nord de la cote 1456, a deux niveau cotant respectivement environ 990 et 
1210 métres. La balise de la cote 990 était située au voisiange du thermoméetre enregis- 
treur dont nous avons parlé (environ 35 métres en altitude au dessus de celui-ci). 

Jusqu’au début de juillet ’'abaissement de surface du glacier a cette balise infé- 
rieure fut en moyenne de l’ordre de 5 cm par jour. Mais l’ablation se réduisit ensuite 
considérablement en aodt, sans que la température se soit pour autant déja nettemene 
rafraichie : il faut, pour en rendre compte, invoquer, croyons-nous, apparition d’une 
nuit déja non négligeable en cette arriére saison. 


Les données globales se présentent comme suit 


Période d’obseryat. dQ dQ/n A 
Ah = 1210'm 19 VI au 13 VIII 650 mm 12 mm 950 mm 
h = 990m 4 VIL au 17 VIII 830 mm 19 mm 1.600 mm 


dQ: lame de fusion au cours de la période d’observation. 
dQ/n: lame de fusion moyenne par jour. 


A: lame de fusion hypothétique pour la période du ler juin au 30 sept. les 
valeurs relatives au semaines ayant précédé notre arrivée ou suivi notre départ ayant 
été calculées d’aprés les températures du Laugabeil, (ou a défaut d’Akureyri). 

La limite des neiges persistantes parait s’étre établie, pour 1954, dans le secteur 
étudié, vers 1120-1150 métres. On peut penser que I’ablation est pratiquement nulle 
sur la partie la plus élevée du glacier, au dessus de 1550-1600 métres: au dessus 
de ce niveau, toute la glace accumulée doit gagner les zones moyennes ou inférieures 
sous forme solide. 


3°. EssAI D’INTERPRETATION DYNAMIQUE. 


En partant de ces données nécessairement fragmentaires nous avons essayé de 
supputer un bilan vraisemblable, non de l’ensemble du glacier, mais de ce secteur 
Nord-Est d’une centaine de kilométres carrés se terminant par deux langues de part 
et d’autre de la cote 1456 et qu’il nous a été donné de parcourir. 

En combinant la variation de l’ablation en fonction de l’altitude avec la répar- 
tition en altitude des surfaces englacées, telle que l’exprime une ceurbe hyposmé- 
trique (*), nous évaluons l’ordre de grandeur de l’ablation totale aux environs de 
95.000.000 m? d’eau, correspondant sensiblement a une lame d’eau de fusion de 
950 mm. Nos observations effectuées a la cote 1210 m paraissent donc significatives 
des conditions moyennes de ce secteur du glacier; il s’agit d’ailleurs la trés sensible- 
ment de [altitude moyenne méme de ce secteur. 

Il est beaucoup plus hasardeux d’avancer une estimation de Palimentation du 
glacier. 

L’observation directe du néyé, telle qu’on la pratiquerait sur un glacier alpin, 
ne nous est a peu prés ici d’aucun secours. En effet, a la balise inférieure, la « neige 
a gros grains » que nous avons déja évoquée, avait une épaisseur de plus de 3 métres 


(*) Détail des calculs et figure dans Norois, 1955, art. cité. 
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a notre arrivée; elle s’avérait remarquablement homogéne 4 l’exception de quelques 
minces lentilles de glace que la sonde devait traverser; a la mi-aout, cette véritable 
«neige de printemps » avait encore une épaisseur dépassant 80 cm, parfois 1 métre. 
De telles valeurs paraissent excéder les possibilités de l’alimentation normale 4 moins 
de 1.000 métres d’altitude; nous nous rallierons donc volontiers a l’idée que la neige 
n’atteint ici la densité du névé, sous ces latitudes, qu’aprés une évolution de type 
arctique s’étendant sur plusieurs années. 

Signalons toutefois que nous avons plusieurs fois reconnu, au cours de nos 
« battages », deux couches de neige trés molle, tombées sans doute par grand froid, 
vers 1,60 et 3,00 métres de profondeur. On peut étre tenté de voir dans cette récurrence 
une indication sur ordre de grandeur du « surplus» annuel de L’alimentation sur 
Pablation vers 1.000 métres d’altitude. Divers auteurs ont avancé des estimations 
de ce surplus pour le Vatnajokull: 2,20 métres pour l’année budgétaire 1951-1952 
au sommet du Bardarbunga (THORARINSSON. Grimsvétn Expédition June-July 1953, 
pit n° VII, alt 1988 m); 2,40 pour la méme année 2,5 km au N de Midfellstindur, 
NW Oraefajokull, (J. Ives, Nottingham University to Vatnajékull exped. Cité par 
THORARINSSON, loc, cit, pit n° VIII, alt. 1196 métres). Des indications de ce genres 
restent toutefois rares dans les travaux touchant I’Islande. et restent sujettes a caution, 
car il faut tomber sur des circonstances exceptionnelles, telles que des dépdts de lits 
de poussiéres, pour pouvoir identifier dans des névés aussi peu différenciés que les 
notres des niveaux situés a une année d’intervalle. 

On peut enfin recourir au calcul planimétrique pour déterminer l’ordre de gran- 
deur de l’alimentation, ou du moins exclure certains ordres de grandeur inadmissibles. 
La méthode a suivre consiste 4 formuler successivement diverses hypothéses relatives 
au gradient nivométrique (accroissement des précipitations neigeuses par 100 métres 
d’altitude), pour « cumuler » l’alimentation qu’entrainerait ces diverses hypothéses, 
compte tenu de Il’hypsométrie. Le calcul montre que le gradient qui parait a tous 
égards le plus admissible impliquerait sur la zone sommitale des précipitations de 
Vordre de 1,50 métre. Un gradient de cet ordre conduit a un volume de neige recu 
annuellement par le glacier qui équilibre sensiblement l’ablation que nous avons 
calculée a l’instant. 

Malgré leur caractére nécessairement fragmentaire, les mesures effectuées per- 
mettent ainsi de suggérer déja deux conclusions : 

L’une est qu’il parait déraisonnable de penser qu’aucun secteur du Hofsjokull 
puisse recevoir plus de 1,50 ou de 2 métres de précip:tations en année normale, ce 
qui est relativement peu pour des altitudes dépasant 1700 m. Les mesures de nos 
confréres que nous avons citées laissent supposer que le versant sud du Vatnajékull 
offre une alimentation du méme ordre dés 1200-1300 métres d’altitude. II n’y a pas 
la de contradiction; le rebord du Hofsj6kull que nous avons parcouru appartient 
a l’Islande Centrale, et celle-ci, sans constituer un domaine réellement aride, est 
certainement moins puissamment enneigée que la plupart des régions périphériques 
de Vile. 

L’autre est que toutes les méthodes connues d’appréciation de l’altitude des 
neiges persistantes fixent celles-ci vers 1.100 — 1.150 métres, aucune en dessous. Ce 
que nous avons dit de l’état du glacier en dessous de cette altitude, au nord de la cote 
1456 tout au moins, nous oblige a penser que |’élaboration du névé est assez lente 
pour que 1a ot la pente du terrain le permet le névé ait le temps de descendre assez 
bas avant d’avoir atteint la structure et la densité de la glace véritable. 

Malgré cette caractéristique remarquable qui l’apparenterait aux glaciers arc- 
tiques, notre Hofsjokull ne peu cependant nullement étre considéré comme un 
« micro-inlandsis ». Sur un inlandsis véritable, entre autre, la surface de la zone 
d’alimentation est proportionnellement beaucoup plus grande — 84% pour le 
Groenland —. Pour circonscrire ici une méme proportion de la surface englacée 
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il faudrait descendre jusqu’a l’isohypse de 980 m, ce qui parait tout de méme bien 
bas, surtout quand on songe a l'état dans lequel nous avons trouvé le lobe du glacier 
situé au Sud de la cote 1456 m. Il semble donc que ces grands glaciers islandais, 
tout en présentant certains caractéres de détail les apparentant aux glaciers arctiques, 
conservent les caractéres hyspométriques (et sans doute aussi les caractéres thermiques) 
des glaciers « tempérés ». 
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THE ADVANCE OF THE NISQUALLY GLACIER 
AT MT. RAINIER, USA, 
BETWEEN 1952 AND 1956 


WALTHER HOFMANN 
Munich, Germany 


ABSTRACT 


The glaciers at the volcanic peaks in the Cascade Range (NW-USA) are 
advancing since 1950. The advance of the Nisqually Glacier at Mt. Rainier was 
determined for the interval from 1952-56 by two photogrammetric surveys. 

The results are: 

1. Linear advance of the front of activ ice: 300 m. 

2. Growth in area: 12.57 ha = 2.62% of the 1952-area. 

_ 3. Increase in volume: 35 544000 m? = 8 886000 m3/year; Average surface 
rise: 7.23 m = 1.81 m/year. 

: 4. Increase in speed: The maximum surface speed in a profile crossing the tongue 
a hie ae 1825 m rose from 90 m/year to 126 m/year which means an increase 
fo) Te 

5. The application of Lagally’s formula for the depth of the glacier under the 
observed speed profile shows that the Nisqually Glacier does not have a laminar 
flow in its lower parts. 


The first permanent glacial advance in this century was observed and reported 
by american glaciologists from the glaciers at the volcanic peaks in the Cascade 
Range (State of Washington, northwestern USA) (Lit. (4) and (*)). Retreating in 
nearly the same rhythm than all other glaciers in the world since 1850, these glaciers 
begun in 1945 thickening and pushing forward new tongues of activ ice over the 
old ice bulks, covered with morainal debris. 

The best known of these glaciers is the Nisqually Glacier which flows down from 
the summit ice cape of Mt. Rainier in southern direction. The easy access to this 
glacier led to continuous observations by the Park Service in the Mt. Rainier National 
Park during the last 50 years and to several surveys with plane table by A. Johnson 
from the US Geological Survey since 1945. Whilst the measurements of the Park 
Service were limited in generally to the observation of the glacier tongue, Johnson 
measured characteristic cross profiles of the glacier. His measurements gave the 
first reliable figures of the surface rise and the increase of the Nisqually Glacier. 
The significance of the event made desirable a survey of the whole glacier by the 
more effective means of terrestrial photogrammetry. This survey was carried out 
in the last days of September 1952 by the author with appreciative assistance from 
the National Park Service and the US Geological Survey. 

The photograms was plotted to a map of the whole glacier in the scale 1:10006 
with contour lines of 20 meters interval (Lit. (*), (*) and (°)). The survey of the 
Nisqually was repeated during September 1956 with photograms taken from the 
same stations and in the same directions like 1952. The evaluation of these photo- 
grams in the same way as 4 years before made possible a very accurate determination 
of the advance in the interval from 1952 to 1956. 

The following figures describe the advance of the Nisqually Glacier from different 
aspects such as: 

Linear advance of the activ front 
Growth in area 

Surface rise and increase in volume 
Increase in speed. 
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1. LINEAR ADVANCE. 


The front of activ ice advanced between 1952 and 1956 the horizontal distance 
of 300 m. It flowed down over a rocky step in the western part of the glacier canyon 
and reached the lower part of the canyon which is already filled with remnants of 
ice, protected by deposits of morainal debris. 


2. GROWTH IN AREA. 


The following figures relate to the area of activ ice of the combined Nisqually 
and Wilson Glacier. As upper boundary of the Nisqually was taken the 4040 m 
contour line where it begins obviously as a separate ice stream leaving the summit 
region of Mr. Rainier. The Wilson Glacier has no connection with the summit ice 
cape; it begins in a lower basin at an elevation of 3100 m and flows side by side with 
the Nisqually between 2600 m and 2100 m where both flow together. The lower 
parts from the 1600 m contour line down to the terminus (elevation 1338 m) are 
not considered as they are evidently inactiv remnants of a former stand. 


Area in 1952: 478.9% ha 
Area in 1956: 491.49 ha 
Growth: 12.57 ha = 2.62 % of area in 1952 
Annual growth: 3.14 ha = 0.66 % of area in 1952 


The growth in area of the Nisqually Glacier is not significant for its advance, 
because its canyon is very narrow, yielding nearly no space at the sides for an increase. 
8.67 ha of the overall growth are therefore due to the advance of the front of activ 
ice of the connected Nisqually and Wilson Glacier, 1.25 ha are recently covered, 
from a partial tongue of the Wilson and only the rest of 2.65 ha are the lateral growth 
caused by an advance of the lower western margin of the glacier. More significant 
figures of the glacial increase are therefore given by 


3. SURFACE RISE AND INCREASE OF VOLUME. 


The rise of the surface may be seen in diagram | which gives a profile along the 
main axis of advance between 1500 m and 2000 m. The highest rise of 63 m occurred at 
the new built tongue of activ ice in an elevation of 1600 m. From there the rise decre- 
ases to a mean value of 10 m. This value can be observed over the whole Wilson 
Glacier, whilst the rise decreases considerably at the Nisqually above the confluence 
with the Wilson. The region higher than 3100 m shows no significant rise. 

The increase in volume can be determined by evaluation of the contour maps 
of 1952 and 1956. A combination of the two maps shows the dislocation of the 
contour lines. Over the whole Wilson Glacier and the combined Wilson and Nisqu- 
ally Glacier this dislocation goes in the direction of the glacial flow, indicating the 
increase. The area G between the same contour line of 1952 and 1956 was considered 
as the base, the corresponding area g between the next higher contour lines as the 
cover of a prismatoid, whose volume V was computed with the formula 


pare oat AVAL) 


AH signifying the contour interval. As the dislocations are yery irregular and diffe- 
rent in the lower part of the glacier, the volume of the increase was to compute 
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elevation 


2000 


1900 


1800 


1600 


distance 


meee — Surface rise between 1500 m and 2000 m. Exaggeration of elevation: 
5 times. 


between contour lines of 20 m interval. The upper part, up from 2300 m, allowed 
the computation from 100 m to 100 m. 

The increase in volume, computed in this way, is stated in column | of the 
following table I. 


TABLE I 
Wilson Gl Nisqually Gl 
Zone V rN R Vv A R Vv A R 
102m?2 102m? m LO2me Oem m OZ MOS asl 
1560—1600 834 26.1 31.95 
1600—1700 2340 52. 44.91 
1700—1800 4208 189.7 22.18 
1800—1900 3368 303.3 11.10 
1900—2000 2988 311.8 9.58 
2000—2100 1582 229.2 5.29 
2100—2200 Wi? DAPLS) 6.50 1394 126.8 10.99 364 (ie 7h PESO) 
2200—2300 3952 332.6 1188 3224 D443 13.207 7126 883 822 
2300—240) 3710 292.0 DQ gh = DRS LSS lao eo 103.3 8.91 
2400—2500 3040 363.5 S36 2270 DQG LOLOL S70: 146.8 5.93 
2500—3100 7750 1697.1 457, 4130 783.3 5.27 3640 913.8 3.98 
3100—4040 0) 845.0 0 0 0 (0) On 84520 0 
Sum 35544 4914.9 7.23 13698 1559.8 8218, 6520) 2242.9 22.91 
Annuals --8886 “1.81 3424 2.20 1630 0.73 
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The total increase in volume appeares as the sum of column | with 35 544000 im*, 

The average annuai increase was 8 886000 m*. These values may be compared 
with the figures given by V. R. Bender and A. L. Haines in (5), page 280, and corrected 
to a certain extent by remarks from A. E. Harrison. According to these publications 
the shrinkage of the Nisqually Glacier between 1910 and 1952 was about 141 millions 
m* the most part of which melted between 1920 and 1931 and later between 1936 
and 1945, i.e. in about 20 vears. The average annual loss was therefore about 7 
millions m*. Though these figures are not based on very accurate measurements but 
depend to a certain extent on estimates, they allow the conclusion that the present 
advance of the Nisqually Glacier has about the same rhythm than the preceeding 
retreat since 1920. 

As column | gives only the absolute increase, these figures are not very fit for 
cheracterizing the advance. The best measure for such a characterization would be 
the relation between the increase in volume and the volume itself in a certain zone 
of the glacier. With the latter, this relation is not available in generally. As a compen- 
sation ‘one may consider the relation between the increase in volume V and the 
surface area A in a certain zone. This relation means the average value of surface 
rise R in the zone. Column 2 of table I contains the surface areas, the average surface 
rise is computed in column 3. 

From 2100 m upwards, where the Wilson and Nisqually Glaciers can be distin- 
guished, the corresponding values are given for both glaciers separately. These 
figures show that the advance is considerably higher on the Wilson Glacier whose 
basin lies in the zone of maximum precipitation. This fact leads to the conclusion 
that also the increase in the lower part of the Nisqually Glacier comes for the most 
part from the Wilson Glacier. 


4. INCREASE IN SPEED. 


In 1952, a photogrammetric speed measurement was established in a profile 
crossing the glacier perpendicularly in the elevation 1825 m. The evaluation of the 
photograms which covered a period of 4 days is represented in diagram 2. The speed 
diagram which runs from the left to the right margin of the glacier shows at the left 
side the normal parabolic increase. But it is quite unusual at the right side. After a 
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Diagram 2 — Speed profile in elevation 1825 m. 1952 and 1956, 
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decrease which would bring the speed to zero at the right margin when 
consequently extended follows a zone of nearly constant speed to the margin 
itself. This part of the glacier has its origin in the Wilson basin. The course of the 
speed profile can be interpreted with the fact that the advancing ice bulk of the Wilson 
Glacier didn’t have a close connection with the Nisqually but moved like a separate 
block over the underlying Nisqually. This fact demonstrates again that the Wilson 
Glacier was more activ than the Nisqually. 


The speed measurement was repeated in 1956 over the same profile. The result 
is shown likewise in diagram 2 (interrupted line). The speed maximum increased 
from 90 m/year to 126 m/year which means a growth of 45%. Moreover, the course 
of the speed profile was normalized in such a way that the crack at the boundary 
between the Wilson and the Nisqually stream disappeared. Only the relatively high 
speed at the right margin was preserved. 


5. THE GLACIER DEPTH AND LAGELLY’S FORMULA. 


In (°). Lagally gives a simple formula for the determination of the glacier 
depth under supposition of a stationary flow and a constant surface speed in a certain 
profile. The formula can be applied with success also to glaciers with a surface— 
speed which increases from the margins to the middle as it was shown by R. Finster- 
walder (Lit. (”)). The application is then limited to the centre zone with the maximum 
speed and the formula gives a good approximation of the maximum depth. 


The formula runs: 
ay 2wu 
, 0-g-Sing 
= glacier depth 


coefficient of viscosity 

density of glacier ice 

= gravity 

= angle of inclination of the glacier surface 
= surface speed. 


wherein means: 


I 


= RROE N 
l 


The week point in the formula is the coefficient of viscosiy uw which depends 
on may conditions. It can be determined only by experiments in the glacier ice itself. 
Lagally gives as a good approximation: 


Wot O.1014.¢.cm—1/sec—t. 
With the values 


u = 2.9 10—4 cm sec—! 

p= 0.917'¢ cm? 

g = 9.80 102 cm sec—2 
sing = 0.1788 


the maximum depth of the Nisqually in the 1952 profile was computed to 
ae Seattle 


With respect to the morphological conditions of the glacial canyon, this value 
seams possible. 


B29 


The repetition of the measurement in 1956 in the same but rised profile give the 
possibility to compare the real increase in thickness with the difference between the 
computed depths of 1952 and 1956 and by this to test if the application of Lagally’s 
formula in the case of the Nisqually Glacier is allowed or not. 


The new values 
u = 4.0 cm sec—! 


Sino == On S24 
give the maximum depth of 
Fas Te 


for the Nisqually profile in 1956. 
The difference should correspond to a rise of 
Az = 53.1 m, 
whilst the real rise, taken from the contour maps is only 
a= 035i. 


The difference can not be caused only from the uncertainity of the coefficient 
of viscosity. The computed value of the rise surpasses the observed value about 4 
times. As it depends on the square root of the coefficient of viscosity, the latter should 
be about 16 times smaller than supposed, whilst Lagally’s value can be uncertain 
with a factor of only 2 to 3. 

This result shows that the Nisqually Glacier doesn’t have a laminar movement 
in its lower part. The flow is combined with gliding and splintering movements which 
prohibit the application of Lagally’s formula. 

The glacial advance extends over all glaciers in the northwestern USA and 
causes effects similar to those at the Nisqually Glacier. The climatic change which 
causes the advance may be only a local phenomenon. But the particular structure 
of the concerned glaciers suggests the supposition that they indicate a worldwide 
change in climate. With their relatively small bulks and their steep descent, they 
can more quickly be affected than other glaciers with large firnfields. Further intense 
observation will therefore be of special importance. 
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NOTICE SUR LES VARIATIONS 
DES GLACIERS DU MONT-BLANC 


M. BOUVEROT 


RESUME 


_ Le versant francais du massif du Mont Blanc se caractérise par des lignes de 
crétes élevées (3.600 m_ a 4.800 m) enserrant des vallées profondes. Les précipitations 
sont importantes, le climat est froid. Les glaciers ont une surface de 115 km? et leurs 
langues descendant a proximité des villages. 


ol Les observations ont porté sur des profils en travers et sur les fronts de sept 
aciers. 

Les graphiques représentant |’évolution des niveaux moyens sur les différents 
profils sont assez semblables pour chaque glacier : les variations de l’alimentation 
dans la zone d’accumulation du glacier se répercutent avec un gros décalage et d’une 
maniere progressive sur les différents profils de la langue terminale, tandis que les 
variations dans l’ablation sont immédiates sur tous les profils. 

L’évolution des fronts traduit une décrue presque continue depuis 120 a 150 ans. 

Le petit glacier de Téte Rousse a dans son ensemble subi en 55 ans une ablation 
de 45 % environ. 


Les présentes notes ne concernent que la partie francaise du massif du Mont- 
Blanc proprement dit, délimitée par les frontiéres franco-suisse et franco-italienne, 
et les vallées de l’Arve et du Bon-Nant. Le massif des Aiguilles Rouges et ses petits 

_ glaciers en sont exclus. 

Cette partie du massif cristallin alpin s’étale du col de Balme, téte de la vallée 
de l’Arve, au col du Bonhomme, téte de la vallée du Bon-Nant, sur une longueur de 
38 km et une largeur de 5 a 11 km. 

A Vénorme poussée qui a proté le massif cristallin et sa carapace a une trés 
grande altitude a succédé un démantélement intense qui a mis a nu et profondément 
découpé le noyau granitique si bien que le relief se présente partout sous forme de 
parois presque verticales dominant des vallées ou des cirques situés a basse altitude. 
Les différences de niveau sur de faibles distances y sont considérables. Ainsi de 
l’Aiguille Verte a l’Arve il y a 3030 m de dénivelée sur 5 km, 550 de distance horizon- 
tale, des Grandes Jorasses 4 Chamonix : 2600 m sur 11 km, du Mont-Blanc a l’Arve 
3800 m sur 8 km, de I’Aiguille de Tré-la-Téte aux Contamines 2750 m sur 7 km. 
Aussi, bien que les crétes se situent presque partout entre 3600 et 4800 m d’altitude, 
l’altitude moyenne de cette partie du massif n’est, selon Blanchard, que de 2759 m, 
et un tiers environ serait situé a plus de 3.000 m d’altitude. 

Les postes météorologiques installés en 1934 par l’administration des Eaux et 
Foréts dans les vallées de l’Arve et du Bon-Nant nous permettent d’avoir quelques 
renseignements sur l’abondance des précipitations au cours des 20 derniéres années 
(1935-1955). 

Compte-tenu de l’écran constitué par les montagnes voisines, les fonds de ces 
yallées enregistrent des totaux confortables: Im,02 4 Chamonix (1030 m); 1m,22 
4 Chamonix-le-Tour (1560 m); 1 m, 35 4 Contamines-Montjoie (1170 m). On a tenté 
d’évaluer le total des précipitations a différentes altitudes sur le massif en échelonnant 
des nivo-pluviométres totalisateurs du type Mougin, sur le versant Sud, de la 
Bérangére 4 Contamines-Montjoie, et surle versant Nord, de Téte Rousse aux Houches. 
Les résultats ont été aberrants, et d’ailleurs l’Electricité de France qui a pris notre 
succession il y a 10 ans en a constaté, grace a des visites effectuées en toutes saisons, 
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un fonctionnement parfois défectueux. Des modifications leur ont été apportées. IJ est 
par suite encore trop t6t pour tirer des conclusions des observations faites. Compte 
tenu des débits de l’Arve a Chamonix, Blanchard estime cependant que «le versant 
occidental du Mont-Blanc regoit par kilométre carré les précipitations les plus 
étoffées qui s’abattent sur les Alpes Occidentales ». 

Ces précipitations sont réparties sur une moyenne de 120 a 130 jours par an 
(dans les vallées). 

Les coefficients pluviométriques saisonniers sont, pour Chamonix-le-Tour : 
printemps 0,75, été 1,09 automne 0,97; hiver 1.19, Les précipitations sont donc 
assez réguli¢érement réparties suivant les saisons, avec cependant un minimum au 
printemps, et un maximum en hiver. 

Une bonne partie de ces précipitations tombent dans les vallées sous forme de 
neige. Par hiver il neige 41 jours 4 Chamonix, 61 jours a4 Chamonix-le-Tour. Les 
chutes cumulées donneraient en moyenne par hiver une hauteur totale de neige de 
2m,88 a Chamonix, 3m,03 a Contamines et 7m,78 4 Chamonix-le-Tour. Blanchard 
a méme relevé pour 37 hivers, 4a Chamonix-le-Tour, une moyenne de 9m,92 soit 
pres de 10 m, avec deux fois plus de 15 m et jamais moins de 4m. Nos chiffres sont 
évidemment influencés par la sécheresse relative qui a marqué quelques-unes des 
dernieres années. I] n’en reste pas moins que dés 1400 m d’altitude les précipitations 
sont importantes et s’effectuent en grande partie sous forme de neige. 

En ce qui concerne les températures, les moyennes annuelles, toujours pour 
les 20 derniéres années, sont de 5°,1 4 Chamonix-le-Tour, 6°,3 4 Chamonix et 5°.8 
a Contamines-Montjoie. En 20 années, il n’y a eu 4 Chamonix-le-Tour que 2 jours 
trés chauds (+ 30° et au-dessus) et il y en a en moyenne par en 3 a Chamonix et 
2 aux Contamines. L’été dans les vallées est donc simplement chaud, sans exces. 

L’hiver y est long et rigoureux. II y a en moyenne a Chamonix 146 jours de 
gelée par an. Il y en a 173 au Tour et 159 aux Contamines. Ceci se traduit par la 
persistance du manteau neigeux, méme dans les vallées. 

Ainsi le massif du Mont-Blanc se caractérise, d’une part, par des lignes de crétes 
trés élevées enserrant des vallées ou des cirques généralement étroits, et par une 
altitude moyenne relativement forte, d’autre part, par des précipitations abondantes 
se produisant surtout en hiver, et par une température généralement firoide. 

Ces conditions font que les masses énormes de neige recues par le massif s’y 
tranforment et s’y conservent sous forme de glace. 

Dans tout glacier on distingue une zone d’alimentation et une zone d’ablation. 
La ligne qui partage les deux zones varie légérement chaque année en fonction 
surtout des éléments qui provoquent la fusion. Dans le massif du Mont-Blanc, selon 
nos observations directes, cette ligne se situe en moyenne aux €nvirons de 2.200 m 
d’altitude soit par exemple un peu au-dessus des séracs du Géant dans la Vallée 
Blanche, ou aux séracs de la jonction sous les Grands-Mulets. 

La surface des glaciers est actuellement de 115 km? environ se répartissant ainsi : 


Commune de Chamonix : 88 km2,0 
Commune des Houches : 4 km2,6 
Commune de St-Gervais uD eka 
Commune des Contamines : 13 km2,2 


Ces masses glaciaires poussent leurs langues jusque dans les vallées voisines, 
pres des foréts et non loin des villages. On rencontre ainsi, du Nord au Sud, les 
glaciers principaux suivants: glaciers du Tour, d’Argentiéres, de la Mer de Glace, 
des Bossons, de Bionnassay, de Tré-la-Téte. 

Glacier du Tour: Le bassin du Tour, en forme d’amphithéatre, large et ouvert, 
est adossé a la frontiére franco-suisse-jalonnée par l’Aiguille du Tour (3544 m) 
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Haute-Savoie. Chamonix. ARGENTIERES 
Variation comparée du niveau moyen des profils de 1904 a 1956. 


Variation de la langue terminale de 1862 a 1956. 


et le Chardonnet (3824 m). Le glacier couvre les pentes supérieures du cirque et se 
précipite, vers 2200 m d’altitude, sur un escarpement rocheux situé en face du Tour. 
Sa surface actuelle est de 8 km2,56 dont 6 km2,17 au-dessus de la cote 2800 m. 

Glacier d’ Argentiéres : De type encaissé, ce glacier suit une vallée de 10 km de 
longueur dominée par les Aiguilles du Chardonnet (3.824 m), d’Argentiéres (3.900 m 
du Mont-Dolent (3.823 m), du Triolet (3.870 m) et de la Verte (4.122 m). Sa surface 
est de 15 km2,79 dont 9 km2,54 au-dessus de 2.800 m d’altitude. 

De la ligne des névés (alt. 2.800 m) a l’extrémité de la langue, la distance hori- 
zontale mesurée suivant l’axe du glacier est de 7 km et la dénivelée de 1360 m. 

Glacier de la Mer de Glace : Ce glacier est de type composé. I] est formé par un 
faisceau de glaciers: glacier de Taléfre dominé par I’Aguille Verte (4.122 m) et le 
Triolet (3.870 m), glacier de Leschaux dominé par les Grandes Jorasses (4.208 m); 
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Variation de la langue terminale de 1818 a 1956. 


glacier du Géant dominé par I’ Aiguille du Géant (4.013 m), la Tour Ronde (3.892 m) 
et le Mont-Blanc du Tacul (4.228 m), et le Glacier de la Vallée Blanche dominé par 
VAiguille du Midi (3.842 m), la réunion de ces deux glaciers formant le glacier du 
Tacul. Tous ces glaciers alinientent un tronc commun de 5 km, 200 de longueur, la Mer 
de Glace, qui s’écoule dans une vallée profonde et encaissée située entre lAiguille 
du Dru (3.754 m) et le Grépon (3.482 m). La surface de cet ensemble glaciaire est 
de 42 km2,63 dont 27 km2,56 au-dessus de 2.800 m. 

De la ligne des névés a l’extrémité de la langue la distance moyenne calculée 
sur l’axe des différents glaciers est de 9 km 600, et la dénivelée de 1400 m environ 
(pente moyenne 7 %). 

Glacier des Bossons: Ce glacier descend directement du Mont-Blanc en suivant 
non pas une vallée mais plut6t un large couloir compris entre le Déme du Goiiter 
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(4.304 m) et les rochers des Grands Mulets d’une part, le Mont-Blanc du Tacul 
(4.228 m) et l’Aiguille du Midi d’autre part. Sa surface est de 9 km2 au-dessus de 
2.800 m et 2 km2, 45 au-dessous, soit en tout 11 km2,45. 

De la ligne des névés a l’extrémité de la langue la distance horizontale est de 
3 km et la dénivelée de 1560 m (pente moyenne 51 %). 

Glacier de Bionnassay: Dominé par les Aiguilles du Gotiter (3.863 m) et de 
Bionnassay (4.051 m) ce glacier occupe une vallée étroite qui débouche sur le Val 
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Variation de la langue terminale de 1908 a 1956. 


Montjoie et sa langue disparait sous un amoncellement de matériaux qui forment 
une moraine frontale. Sa surface est de 4 km,2,37 dont 2 km2,87 au-dessus de 2.800 m. 

Glacier de Tré-la-Téte : Ce glacier occupe sur le flanc Sud du Mont-Blanc, prés 
de la frontiére franco-italienne une vallée profonde de 7 km,500 de longueur délimitée 
par l’Aiguille de la Bérangére (3.425 m), le Dome de Miage (3.670 m), le Col Infran- 
chissable (3.349 m) et les Aiguilles de Tré-la-Téte (3.930 m), des Glaciers (3.816 m) 
et du Tondu (3.190 m). Sa surface est de 10 km2,62 dont 6 km2,67 au-dessus de 
2.800 m. 

De la ligne des névés a l’extrémité de la langue la distance suivant I’axe du glacier 
est de 4 km,600 et la dénivelée de 870 m (pente poyenne 19 %). 

Ces 6 glaciers représentent une surface totale de 93 km2,42 dont 55 km2,26 au- 
dessus de 2.800 m d’altitude. 

En résumé, dans le massif du Mont-Blanc, les bassins d’alimentation sont 
généralement étendus comparés aux zones d’ablation constituées principalement 
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par des langues étroites et allongées descendant trés bas dans les vallées. Ces condi” 
tions font que les dissipateurs sont doués d’une sensibilité particuli¢re et sont sus- 


ceptibles de fortes variations. 


OBSERVATIONS GLACIOLOGIQUES 


Les études entreprises ont porté sur les langues terminales et ont comporté 


des relevés de profils en trafers et de front. 


PROFILES EN TRAVERS 


On sait que la Mer de Glace, en 1855, remplissait presque completement ses 
moraines et était aussi élevée qu’en 1820. Néanmoins les études précises de la langue 
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terminale, sur profils ,n’ont été faites sur ce glacier que de 1891 4 1899 par M. J. 
VALLOT, et sur la plupart des glaciers par l’administration des Eaux et Foréts depuis 
1904 pour les glaciers d’Argentiéres et des Bossons, 1911 pour la Mer de Glace, 
1908 pour Tré-la-Téte. Le relevé d’un profil permet de calculer le niveau moyen de 
celui-ci au jour du relevé. Nous avons pour chacun des 4 glaciers indiqués ci-dessus, 
établi des graphiques traduisant pour les langues terminales i’évolution de ces 
niveaux moyens sur chaque profil. 

L’examen de ces graphiques permet de constater que, pour chqaue glacier, les 
variations des profils sont pratiquement identiques quelle que soit la distance qui 
sépare ces profils, avec cependant une accentuation plus marquée du mouvement 
de baisse sur les profils inférieurs. 

Les mouvements de crue ou décrue sur les profils sont évidemment la résultante 
de l’alimentation du glacier dans sa partie haute, et de l’ablation dans la partie basse. 

En raison de la distance qui sépare les zones d’alimentation et les profils, et 
des vitesses différentes dans le différentes parties des sections du glacier, une vari- 
ation importante dans l’alimentation de la zone supérieure se répercutera sur la 
langue glaciaire avec un retard énorme de l’ordre de 50 a 100 ans, et s’y trouvera 
étalée sur plusieurs années. Lorsque la zone d’alimentation comprend plusieurs 
glaciers d’importance et d’éloignement différents, les variations dans l’alimentation 
neigeuse des parties hautes retentiront sur le dissipateur d’une maniére encore plus 
progressive. Elles affecteront I’allure générale de l’évolution des profils et le décalage 
de cette action, profil par profil, sera peu perceptible. 

Par contre l’ablation qui est la résultante des condition climatiques sera immé- 
diate et affectera en méme temps tous les profils. 

Il est donc difficile d’interpréter les renseignements donnés par les variations 
des niveaux moyens des profils et d’y faire la part revenant a l’alimentation ou a 
la fusion. 

L’étude des variations de niveau, par profils ou simples repéres, dans la zone 
d’alimentation des grands glaciers, encore rarement réalisée, serait donc trés utile. 

En fait les observations visuelles ou photographiques, quoique non mesurées, 
permettent de dire que dans la zone d’accumulation la décrue glaciaire se poursuit. 

De toute maniére sur l’extrémité des grandes langues glacieaires de la Mer de 
Glace et de Tré-la-Téte les décrues sont importantes et continues et se sont accélé- 
rées depuis 15 ans. 

Par contre sur les langues des glaciers d’Argentiéres et des Bossons, peut-étre 
parce que plus rapprochées de leur source, des alternatives de crue et décrue sont 
perceptibles avec des maxima en 1904, 1920 et 1942 et des minima en 1910 et 1935-36, 
le bilan étant en définitive négatif. Toutefois aux Bossons les profils A et B n’étant 


plus atteints par le glacier, un nouveau profil O installé plus haut en 1950 accuse 
une crue dans l’intervalle 1953-1956. 
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Argentiéres — Profil A Bossons — Profil A 
Années Cotes Variations Cotes Variations 
moyennes moyennes 
totales annuelles totales annuelles 
1904 1866 1322 
abe lise — 28 — 4,7 
1910 1857 1294 
18 1,8 B5 355 
1920 1875 1329 
35 = Do 
1935 1296 
26 Bil 
1942 aS Ke 1322 
=——. 75 == (Oey 
1949 1247 
1956 1817 
52 ans — 49 45 ans — 75 
Mer de Glace Tré-la-Téte 
Profil de Montenvers Profil de Tré-la-Petite 
Années 
Cotes Variations Variations 
moyennes cme @Oces 
totales annuelles moyennes totales annuelles 
1891 1804 
1908 — 29 3056 2199 
== 12 == Oe 
1941 dS 2186 
egy == D3} — 43 AS) 
1956 1741 2143 
65 ans —= 63 —= 4 48 ans 0) — 0,8 


VITESSES D’ECOULEMENT 


Les pierres numérotées placées sur les profils, et relevées les années suivantes, 
permettent de mesurer les vitesses annuelles d’écoulement. Les résultats des obser- 
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vations de 1956 sur les Glaciers de la Mer de Glace et de Tré-la-Téte sont consignés 
sur les graphiques joints. ; 

Voici, a titre de comparaison, les vitesses enregistrées par J. Vallot et par 
nous-méme sur la Mer de Glace. 


Profil du’ Montenvers 


Année Cote moyenne Vitesse annuelle 
1892 1806 m 160 m 
1899 1800 m 96 m 
1956 1741 m 68 m 


A Tré-la-Téte les vitesses annuelles en 1956 ont été, dans les différents profils, 
du haut vers le bas, de 30 m,50; 31 m; 23 met 10 m. 


MOUVEMENT DES FRONTS 


Glacier du Tour — On peut placer en 1643 et 1818 les plus importantes crues 
du glacier du Tour. En 1818 il atteignait les prairies du hameau du Tour. 

Les principaux mouvements enregistrés depuis ont été les suivants (distances 
horizontales) : 


1818 a 1878 — 1.680 m 


1878 a 1892 + 685 m 
1892-4 1908 — 235 m 

i908 a 1920 am essk0) 
1920 a 1956 — 955 m 


— 2.870 m +1075 m 


Soit un recul total de 1795 m depuis 1818. : 

De la cote 1420 environ atteinte en 1818 il est passé en 1956 a la cote 2190 m, 
soit une remontée de 770 m environ. 

Pendant de longues années, la langue s’est trouvée dans une position instable 
sur le versant du seuil sur lequel débouche actuellement le glacier. Des éboulements 
spectaculaires de séracs se produisaient fréquemment. Le 14 aott 1949. alors que 
le glacier se trouvait a la cote 2050 environ, des séracs d’un volume approximatif 
de 450.000 m® se sont éboulés, ensevelissant et tuant 6 promeneurs a une distance 
notable du point de départ. 


Glacier d’ Argentiéres — En 1819 il S’avangait jusqu’aux moraines qui longent 
la rive gauche de I’Arve, et en 1884 il en était a plus de 1.000 m. Une progression 
s’est ensuite manifestée jusqu’en 1894, suivie d’une régression. Les chiffres suivants 
indiquent les mouvements enregistrés depuis 1866: 


z 
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— 631m 
1883 
+ 275 m 
1896 
— 329 m 
1912 
+ 204 m 
1925 
— 503 m 
1956 


—1463 m + 479 m 


Soit un recul total de 984 m depuis 1866. 
De 1819 a 1956 le front est passé de la cote 1270 (environ) a la cote 1433. 


Mer de Glace — A différentes reprises, en 1610 notamment, la Glacier des Bois 
arriva pres du village des Bois, dans le fond de la vallée de l’Arve. En 1825 il était 
dans un état voisin de son maximum. Son étude fut entreprise en 1846 par Venance 
Payot, puis en 1890 par le prince Roland Bonaparte, ensuite de 1891 4 1899 par 
Joseph Payot qui établit les profils des Echelets, du Montenvers, du. Mauvais Pas 
et du Chapeau, enfin depuis 1911 par l’administration des Eaux det Foréts. 

Les principaux mouvements du front sont les suivants : 


1825 
— 411 m 
1866 
— 922 m 
1885 
+ 174 m 
1895 
— 277 m 
1921 
+ 169 m 
1925 
— 433 m 
1956 


—2043 m + 343 m 


Le front se trouve actuellement a 1700 m du point atteint en 1825. Il est du reste 
d’observation malaisée parce que situé dans une gorge étroite et inaccessible. 
La langue terminale, depuis le profil des Echelets, a eu successivement les surfaces 


suivantes : % 
en 1894, d’aprés les levés de J. Vallot 149 ha 16 a 58 ca 
en 1913, » » » forestiers 128 725 107 


3n 1920, » uy » 138 84 88 
en 1948, » >>> » 92 94 53 
en 1956, » Se » 85 84 56 
Glacier des Bossons — Le glacier a eu un maximum vers 1643 puis en 1818. 


Depuis cette derniére date les mouvements suivants ont été enregistrés : 
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— 682 m 
1874 
+ 338 m 
1894 
— 190 m 
1910 
+ 266 m 
1920 
— 262 m 
1938 
+ 77m 
1941 
— 708 m 
1953 
+ 251 m 
1956 


—1842 m + 932 m 
Soit un recul total de 910 m depuis 1818. 


Glacier de Bionnassay — Ce fut probablement vers 1820 qu’eut lieu la derniére 
crue importante. Depuis, le glacier n’a pratiquement pas cessé de régresser. Le recul 
de 1644 4 1913 a été de 881 m, et de 40 m depuis 1913. Mais la langue terminale, 
plus ou moins ensevelie sous la moraine frontale, est difficile a observer. 


Glacier de Tré-la-Téte — Compte tenu de la position du front sur la mappe 
de 1730, le recul du glacier a été pratiquement continu depuis cette date: 


1730 

— 1058 m 
1864 

— 854m 
1915 

+ 74 m 

1920 

— 332m = 
1956 


— 2244m + 74m 


Soit un recul total de 2170 m depuis 1730. 


Le barrage établisous le glacier en 1944 par I’Electricité de France est maintenant 
a nu. j 


Glacier de Téte-Rousse — Une mention spéciale doit étre faite sur ce petit glacier 
suspendu de 12 ha de superficie, situé sur le flane Est de I’Aiguille du Gotter, entre 
les glaciers de la Griaz et du Bionnassay, et dont l’altitude varie de 3100 a 3300 m. 

En effet le 12 juillet 1892 la rupture d’une poche d’eau dont le volume fut évalué 
a 200.000 m? provoqua dans les vallées de Bionnassay et du Bon-Nant une lave 
torrentielle qui détruisit une partie des hameaux de Bionnay, du Fayet, et des bains 
de Saint-Gervais et fit périr 175 personnes. 
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En 1901 une-nouvelle poche d’eau ayant été décelée, une galerie de 208 m dit 
longueur forée dans le flanc de la montagne, c6té Glacier du Bionnassay, perme 
datteindre le fond du glacier de Téte Rousse et d’en drainer les eaux. 

Cette galerie continue a étre périodiquement entretenue et tout danger de 
formation de nouvelle poche d’eau semble écarté. 

En 1950-1951, a Vaide d’une sonde électrique, nous avons entrepris de dresser 
sur les profils levés en 1901 des profils sous-glaciaires. Les conditions atmosphé- 
riques défavorables, et la présence de nombreux blocs dans le glacier rendirent les 
travaux difficiles. Les plans ci-joints montrent les résultats obtenus : 

Sur la partie du profil C oti le rocher en place a été atteint la section du glacier 
de 1901 a 1951 est passée de 3210 m? a 1912 m? soit une diminution de 1298 m2 ou 
40 %. Sur la partie correspondante du profil B cette section passe de 1934 m2? a 959 m2 
soit une diminution de 975 m? ou 50%. 

Les pierres peintes placées en 1901 sur les profils et retrouvées en 1950 ont permis 
de mesurer la vitesse du glacier. Celle-ci a été d’environ 34 m, soit 0 m,70 par an. 
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GLACIER VARIATION AND TRENDS IN RUN-OFF 
IN THE CANADIAN CORDILLERA 


BrP sCORMIBRA() 


The mountainous areas of British Columbia and Alberta are the source regions 
for the most important water resources of Western Canada. West of the Divide, 
the water is used mainly for power development. Large parts of the prairies are 
dependent for irrigation, industrial and domestic supplies and water power upon 
the run-off from the eastern slopes. Much of Alberta south of Calgary, for example, 
could not have attained its present development without an assured supply of water 
for irrigation and domestic use which is sustained by the release of melt water from 
glaciers. 

The variation in glacier movement has been of specific interest to several indi- 
viduals and agencies in the past and miscellaneous measurements on a few of the 
well-known Canadian glaciers are available from 1887. In 1945, the Water Resources 
Branch, Department of Northern Affairs and National Resources, undertook a 
systematic survey of representative glaciers in the Canadian Cordillera to determine, 
in a general manner, whether these glaciers were receding or advancing, thickening 
or ablating at the surface, and varying in forward velocity. Recent heightening of 
interest in glacier behaviour and a review of the information that has been gathered 
to date has indicated the need for a reassessment of the adequacy of the present 
programme. 

In this paper, attention is given to the relation between the quantity of water 
produced by snow and ice melt and the total flow, and to the effect of the glaciers 
on the régime of the main streams. The paper also presents the results of a preliminary 
study on trends in run-off in the Canadian Cordillera. 


LOCATION OF GLACIERS 


In selecting the glaciers for observation the Water Resources Branch gave prefe- 
rence to those for which previous records had been obtained by other agencies such 
as the Alpine Club of Canada, and to those which were fairly accessible. Consideration 
was also given to those glaciers which are the source of rivers with water power 
possibilities or rivers that constitute a threat to property during floods. In most 
cases the glaciers are within walking distance of highways or railway lines. Plate I 
shows the location of the glaciers surveyed by the Water Resources Branch in Alberta 
and British Columbia. 

In the Coast Range of British Columbia, the Helm, Sentinel and Sphinx Glaciers 
in Garibaldi Park are surveyed. These glaciers lie in the drainage basin of the 
Cheakamus River. In the Selkirks two glaciers are visited: the Kokanee Glacier 
which feeds several creeks draining into Kootenay Lake, and the IIlecillewaet Glacier 
which is the source of a tributary of the Columbia River. 

In Banff and Jasper National Parks, a survey is made of Peyto Glacier, which 
is a tongue of the Wapta Icefield and the source of the Mistaya River, a tributary 


of the North Saskatchewan. Two tongues of the Columbia Icefield are also surveyed: 


() District Engineer, Water Resources Branch, Department 
Affairs and National Resources, Calgary, Alberta. 
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the Saskatchewan Glacier and the Athabasca Glacier, which are in the headwaters 
of the North Saskatchewan River and the Athabasca River respectively. 


SURVEY METHODS 


The surveys are carried out in the month of August, and from 1945 to 1950 
inclusive were made annually. Beginning in 1952, the surveys were made every second 
year. Access is not a problem east of the Continental Divide, but in British Columbia 
considerably more effort is needed to reach the glaciers, and fresh snow sometimes 
obscures the ice surface, making it difficult to find markers. The ice front of each 
glacier is mapped with reference to fixed points on the valley walls to determine its 
change of position from year to year. Summaries of the results of these surveys for 
the Peyto, Athabasca and Illecillewaet Glaciers are shown on Plates II, IV and V. 

There are certain difficulties in measuring the velocity of surface movement. 
A transverse line some distance up the snout is carefully related to points on the valley 
walls; markers or plaques are placed at regular intervals across this transverse profile. 
Their positions are surveyed on the next visit to the glacier. It has been foundt hat 
flat metal plates tend to be washed down the glacier by surface streams or be moved 
about by wind or tourists. Triangular or crossed-strip iron markers have been found 
to be an improvement. Recently, oxide powder and aniline dyes were tried on the 
Athabasca Glacier, but with no success. Perhaps the best answer, as suggested by 
Meier, (see references), is to set wooden dowels a few feet in to the ice, to measure 
both ablation and forward movement. Tables of the average yearly advance of the 


HELM é | ILLECILLEWAET 
SPHINX ets fos 
SENTINEL sey a Se es 
} \ oA ere Ry 
" Seen i ATHABASCA 
> wate ~fteaceus SASKATCHEWAN 
) \ ee PEYTO 
\ re ( SANDERS eee 
a 


a) / > 
“ -- 
: Ss 


Sire) { MISTAYA 
Ne 


) wecinedaers aN 
y) f A \ oa 
¢ } y VS phe 

‘arr 77 REVEL STS 
oy Le A) 


fase | 


KAMLOOPS 


mm 
Se 
Dab Z 


Ne 
COLUMBIA_R. Penn creiike/ WEAR 
CN pe TALINE ALLS, x 


— __CANADA Zt an ss wf oo sys a 
SUNITIED TATES Rey ne r ee \ INTERNATIONAL BOUNDARY 
§} WASHINGTON (2]| /DAHO| “MONTANA 
4 | 08 S | KALISPELL Q 
= KOKANEE i, 2a % 
SDM E eee AGEN, inDeligr haces LOCATION OF GLACIERS 
Bight eiges te A IN ALBERTA AND BRITISH COLUMBIA SURVEYED BY _ 
Nearieane ares caters WATER RESOURCES BRANCH ae 


Plate I — Location of Glaciers in Alberta and British Columbia surveyed by the 
Water Resources Branch. 
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Plate Il — Peyto Glacier — Plan of Recession of Toe since 1945, and Transverse 
Profile at Plaque Line. 
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plaque line are shown for the Peyto, Athabasca and lecillewaet glaciers on Plates II, 
IV and V. These plates also show transverse profiles of the glaciers at the plaque lines. 

Longitudinal profiles are made on some glaciers, usually starting from a point 
in a transverse profile high up on each glacier and continuing down to the foot, 
(see Plates IV and V). Photographs from established camera points within the vicinity 
of the glacier provide a qualitative record of the changes in shape of the tongue. 
Two examples are shown in Plates III and IV. 

The determination of run-off from ice melt of the glaciers is perhaps the most 
pertinent aspect of the surveys from the point of view of the Water Resources Branch, 
Unfortunately, it is often extremely difficult to obtain reliable continuing records 
of discharge from the glaciers investigated. The stream bed is either extensively 
braided through moraine, as at the foot of the Saskatchewan, or extremely rough, 
as at the Peyto. Weather conditions early and late in the season restrict both the 
length of record that can be obtained and increase the time required to reach the sites. 
The latter factor is an important consideration in May, when all hydrometric engineers 
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Plate II] — Peyto Glacier — Photographs showing Retreat of Toe. 
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Longitudinal Profile from Plaque Line to Toe. 


east of the Continental Divide are concentrating on prairie run-off. In only one case, 
that of the Sunwapta River at Athabasca Glacier, has it been possible to obtain a 
good location for a stage recorder and measuring section close to the foot of a glacier. 

In assessing the effect of glacier variations on water resources, the greatest need 
is for a more accurate assessment of the volumetric change in the glaciers. Funds 
are always the limiting factor in extending this type of survey. It is hoped that detail 
contour maps will be made of the Athabasca tongue in the near future, either by 
ohotogrametric or conventional methods, the mapping to be repeated at intervals 
of perhaps five years. The survey would probably be carried much further up the 
glacier than the present location of the plaque line. 

The results to date confirm the recessive trend which has been noted by other 
observers in this part of North America for some decades. Some of the most recent 
surveys, however, show a decrease in the retreat of the ice front and less ablation on 
the profiles. Observations in Glacier Park, just south of the Canadian border, and 
elsewhere in the United States suggest that a slight recovery is taking place. Grinnell 
Glacier in Glacier Park, Montana, for example, appears to have remained in equili- 
brium for the past five years. It should be noted, however, that whereas most of ihe 
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and Longitudinal Profiles. 


Canadian glaciers are the overflow from large icefields, Grinnell has a very smalt 
accumulation field from which to draw its supply. Since the Athabasca and Peyto. _ 
Glaciers are fed by large icefields, it is reasonable to assume that they would be 
less sensitive to short-term climatic variations. 


RUN-OFF AND ITS RELATION TO GLACIERS 


A discussion of the effect of glaciers on run-off generally introduces two main 
questions: What contribution to stream flow is made by the yearly ice melt of a glacier 
compared with that made by normal precipitation? What effect has the mountain 
water on stream régime? At this stage, neither question can be answered with any 
precision, because the period of record is short and the orientation of the glacier 
programme has been general. However, it is believed that the results of the surveys. 
by the Water Resources Branch provide the basis for preliminary answers to these 
questions. 

From the positions of the ice front in 1950 and in 1956, from the loss of depth 
shown by the profiles, and from the forward advance atthe plaque line, it is estimated 
that the Athabasca Glacier yielded, from storage, an average of between 3.000 and 
6,000 acre-feet of water per year from ice melt during the period 1950-1956. In 
making this estimate, it has been assumed that the average velocity of the ice move- | 
ment is equal to that measured on the surface. Although this assumption may be 
in appreciable error, it is fortunate that the apparent ablation, which can be more 
accurately determined from the surveys of the toe and profile, plays a much more — 
significant part in the computation of the total melt. It is interesting to note that | 
A. E. Harrison (see references) estimated a loss in volume averaging about 6,000 
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Plate VII — North Saskatchewan River Basin above Edmonton, Alberta, showing 
Location of Stream Gauging Stations. 
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Plate VIII — Run-off Characteristics of the North Saskatchewan River west of 
Edmonton, Alberta. 
Hydrographs for 1955 of selected mountain streams. 


acre-feet per year for twenty years on the Nisqually Glacier on Mount Rainier. 
Unfortunately, there are no stream flow records from a station at the foot of the 
Nisqually. 

During the same period, 1950-1956, the flow of the Sunwapta River at Athabasca 
Glacier was approximately 28,500 acre-feet per year. The ice melt, therefore, accoun- 
ted for about 10% to 20% of the discharge in the stream close to the glacier. These figu- 
res appear to modify the popular thesis, which has become familiar on the Canadian 
prairies, that the wasting away of the glaciers is a serious threat to water supply. 
The yield from ice melt from Grinnell Glacier is probably also low compared with 
the total flow in Grinnell Creek. 

The effect of elevation on the pattern of the hydrograph of a mountain stream 
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Plate [IX — Ten Year Moving Means of Stream Flow, Precipitation and Temperature 
at selected locations in Alberta and British Columbia. 


cannot yet be separated from the effect of ice melt. We do know, however, that the 
maximum flow from a medium altitude basin (say between 3, 000 ft. and 6,000 ft.) 
occurs in June in this region, whereas the peak is delayed until July for run-off from 
higher elevations. 

On Plate VIII is shown the 1955 hydrograph of the Bow River at Banff: the 
peak occurred in late June. This might be termed the valley run-off. Then in July, 
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a spell of warm weather caused a secondary peak which represented the water from 
the elevations at which the few glaciers in the Bow basin are located. 

On the same plate, the hydrograph for a smaller and higher basin, about 24% 
of which is covered by ice, is shown to the same scale. The North Saskatchewan 
River near Saskatchewan Crossing gathers the water at this point from two main 
mountain tributaries —the Alexandria and the Howse, and itself is fed by the 
Saskatchewan Glacier and other outflows from the Columbia Icefield. Together these 
streams draw their supply from a much greater area above an altitude of 6,000 ft. 
than the Bow system, and collect the drainage from a significant part of the east 
slope of the icefields along the British Columbia-Alberta boundary. The discharge 
record is strongly influenced by melt from high elevations and is markedly parallel 
with the temperature record. Whereas the June peak occurs at about the same time 
as that on the Bow, the maximum yield occurs in July. Thereafter, until the cool 
weather in September, the recession from this peak is interrupted during periods 
of high temperature. 

Discharge from the gauging station on the Sunwapta River at the toe of the 
Athabasca Glacier, is produced by contributions from three sources: relatively low 
level snow melt on the tongue and surrounding slopes, 6,000 ft. to 8,000 ft.: snow 
melt from part of Columbia Icefield, 8,000 ft. to 10,000 ft.; and melt water from the 
ice surface after the snow has been removed. The first June peak is small. In late 
June the yield does not exceed that of the Bow River or of the Saskatchewan River 
at the Crossing, but in July the peak yield is even higher than the latter. Other charac- 
teristics of the hydrograph are similar, except that the peaks of the Sunwapta River 
are more pronounced. One interesting point is the steep recession of discharge as 
soon as the mean daily temperature drops below 50 degrees F. at Jasper. This is to 
be expected late in the year, since there can be few reserves of snow left below the 
nevé line, and the air temperature in part reflects the reduction of hours of sunshine. 

If data were available to enable a comparison of the yield from a basin without 
glaciers with that from one with glaciers, e.g., the Sunwapta, there might be appreci- 
able differences. The effect of high altitude plateaux must be to retain a large portion 
of the snow until late in the season and there may be local climatic effects from the 
ice itself. There is certainly a delay in the effectiveness of solar radiation in June, 
due to the unsettled weather in this part of the year along the eastern slopes. These 
factors, and the presence of the reserve of ice beneath the snow, must work together 
to produce a later maximum yield and to sustain the yield after run-off is complete 
in basins without glaciers. Unfortunately, no run-off figures are available for a basin 
without glaciers and at the same elevation as the Sunwapta basin. Consequently no 
quantitative comparison can be made to determine the significance of these factors 
on the annual hydrograph. 


Effects on Régime of North Saskatchewan River 

A consideration of the flow of the North Saskatchewan River will illustrate 
qualitatively the effect of the mountain run-off upon the hydrograph at various 
stations downstream. In 1955, there were five hydrometric stations on the main stem 
between Edmonton and Saskatchewan Crossing, as shown in the sketch map of the 
basin. Plate VII. The flow of the North Saskatchewan River at the Crossing is aug- 
mented by that of the Mistaya River. The North Saskatchewan Basin has a drainage 
area of 485 square miles above this point, about 24% of which is covered by ice. 
The Mistaya River drains an area of 94 square miles above the Crossing, of which 
about 16% is covered by ice. The total flow is from that portion of the North Sas- 
katchawan drainage system most influenced by high altitude and ice cover. 

A typical diurnal fluctuation in discharge at the foot of glaciers is illustrated 
by the chart for July 16, 1955 for the Sunwapta River (Plate VIII). A similar diurnal 
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fluctuation is reflected in the daily hydrograph during the summer season in all 
stations on the main stem of the North Saskatchewan River as far downstream as 


Edmonton, a distance of about 250 miles and where the drainage area has increased ~ 


to 10,700 square miles. When the record does not show the wave, the stage may have 
been smoothed by run-off from a rain storm upstream, or the fluctuation is lost in 
the flow from snow melt at low levels. The fluctuation is most apparent in late summer 
when the weather tends to be more settled. 

Referring to the diagrams on Plate VIII, it will be noted that the June flow at 
the Crossing is exceeded in both July and August, with a strongly defined July peak. 
«Taper out» in October is sharp. 

The station on the main stem below Tershishner Creek draws its supply from 
an area dominated by ranges above 6,000 ft. Flow in July is still the maximum, but 
the discharge is now greater than that of August. The discharge from above the 
Crossing exceeds the increment between Saskatchewan Crossing and the gauging site. 

At Saunders, which is close to the general 4, 000 ft. contour, about half the June 
and July supply is accounted for by water from the mountainous area above Saskat- 
chewan Crossing. At Rocky Mountain House, the Clearwater River contributes 
its run-off. This tributary drains a basin of the same character as that of the main 
stem between Tershishner Creek and the Crossing. Here the June flow approaches 
the total of July. Only in August does the Crossing water exceed the additional 
inflow. 

It is at Edmonton that prairie run-off is dominant, despite the inflow from the 
Brazeau River. There is now a heavy May run-off, a June peak, and strong July 
flow. In August and September, however, the proportion of mountain water is most 
effective in sustaining the flow. More than 200 miles downstream, at Frenchman 
Butte, the mean August 1955 flow had been increased by only 300 c.f.s. for an increase 
in drainage area of 11,300 square miles. At Prince Albert in Saskatchewan the 
increase above the Edmonton discharge was 2,400 c.f.s., although the increase in 
drainage area is 35,400 square miles. The September 1955 run-off figures demonstrate 
this point in another way. The Edmonton flow was increased by less than 1% for 
106% increase in drainage area at Frenchman Butte. The corresponding figures for 
Prince Albert are 5% for a 331% increase in drainage area. 


TRENDS IN RUN-OFF IN WESTERN CANADA 


Long term climatic trends are apparently reflected in the trends in the annual 
discharge of streams in mountainous areas, where the drainage basins contain 
permanent reservoirs in the form of ice and nevé. Unfortunately, stream flow measure- 
ments in Western Canada date back only to about the same time as meteorological 
observations and continuous discharge records of longer than four decades are 
available for only a very few streams. For instance, the record on the North 
Saskatchewan River at the Saskatchewan Crossing is a very short one, which is 
unfortunate because glaciers cover an appreciable proportion of the basin above this 
point. However, as shown in Plate IX, reference to the longer records of the Bow 
River at Banff, the St. Mary River at the International Boundary and the North 
Saskatchewan River at Edmonton indicates a marked parallelism with the curves of 
temperature and precipitation at Banff as published by C. J. Heusser (see references). 

Of particular interest in Heusser’s summary was the rise of mean annual tempe- 
rature at Banff of about 1.7 degrees F. from about 1915 to the late 1930’s and the 
fall of some 2 degrees F. from then to 1950. Corresponding roughly to the same 
periods, there was a decline in the total annual precipitation of more 


than 2.5 inches 
from 1915 to the late 30’s and a recovery since then which may be 


still going on. 
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The stream flow records illustrate the same trends. At Edmonton, for example, 
the decline in mean annual flow from 1915 to the late 30’s was more than one and 
a half million acre-feet. An equal recovery has taken place since then. At Banff, 
the Bow seemed particularly sensitive to the temporary rise in precipitation which 
occurred in the late 20’s. One cannot help but speculate on the fact that the St. Mary 
River—in the headwaters of which is Grinnell Glacier—has recovered completely 
to the value of the discharge of the first decade of this century. It will be interesting 
to learn if the next survey on the glacier shows a positive advance. On the west side 
of the mountains, stream flows likewise declined during the period 1915 to 1940 
and have recovered to at least that of the beginning of the record around 1915. 
Whether or not this latter trend has reached a peak will be known after a few more 
years of record. 

With the evidence from the glacier surveys by the Water Resources Branch, 
the indications from the climatic elements and the pattern of stream flow, it is fairly 
certain that a change from recession to advance of the glaciers of the Western Cor- 
dillera is imminent. The advance will be the expression of the recovery from the 
low of the late thirties. The lag will be of the order of at least 20 years. 
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RAPPORT SUR LES VARIATIONS DE LONGUEUR 
DES GLACIERS EUROPEENS EN 1953/54, 1954/55 ET 1955/56 


PAUL. L. MERCANTON 
prof. hon. Lausanne 1957. 


PREAMBULE 


Le présent rapport, établi pour la commission internationale des Neiges et des 
Glaces (CING), a lV’occasion de la réunion triennale de I7?UGGI a Toronto en 
septembre 1957, résume, comme les précédents, les variations de longueur des 
glaciers d’Europe en 1953/54, 1954/55 et 1955/56. 


On trouvera exposées dans le rapport précédent (publication N° 39 de l’Asso- 
ciation internationale d’Hydrologie Scientifique, session de Rome 1954), la genése 
et histoire de cette étude systématique des variations glaciaires depuis ses débuts 
en 1880-81. 


I] faut toutefois compléter cet historique par le nom du dernier président de 
Vancienne commission A. Hoel et de ses membres  titulaires pour les diverses 
contrées jusqu’en 1934; Messieurs : 


Antarctique : F. D. Debenham, Scott Polar institut, Cambridge, Angleterre 
Allemagne : H. Hess, prof. Niirnberg. 

Autriche : R. von Klebelsberg, prof. Insnbriick, Tyrol. 

Canada : A-O. Wheeler, Sidney, Vancouver Island. 

Groenland : Lauge Koch, Grénlands Geologisk Undersoegelser, Copenhague. 
Islande : J. Eythorsson, Reykjavik. 

Etats Unis d’Amérique : Fr. E. Matthes, Washington D.C. 

France : Ch. Rabot, Paris. 

Géorgie du Sud : O. Holtedahl, Geolog. Institut, Oslo, Norvége. 

Grande Bretagne: J. M. Wordie, Cambridge. 

Indes Himalaya etc. : Geological Survey of India, Calcutta. 

Italie : C. Somigliana, prof. Université, Torino. 

Nouvelle-Zélande : A. P. Harper, Wellington. 

Norvege : W. Werenskioeld, Geogr. Institut, Oslo. 

Russie (U.R.S.S.) : J. Schokalsky, Leningrad. 

Suede : H. Ahlmann, prof. Université, Stockholm. Y 

Suisse : P. L. Mercanton, prof. hon. Lausanne. 

Svalbard : A. Hoel, Oslo. 


° 


Voici maintenant la liste de nos informateurs nationaux actuels, auxquels 


la Commission des Neiges et des Glaces, ainsi que le rapporteur, adressent leurs 
vifs remerciements, Messieurs : 


Autriche : Prof. Dr. von Klebelsberg, Insbriick. 

France: Inspecteur général Messines du Sourbier, 
et Foréts Grenoble. 

Italie: Prof. Manfredo Vanni, Turin, pour le Comitato Glaciologico italiano. 

Islande : Dr. John Eythorsson, Reykjavik. 

Norvege : Dr. Liestoel, Norsk Polar Institute. Oslo. 

Suéde : Dr. Erik Woknerud, Geografiska Institutet, Stockholm. 

Suisse: A. Renaud pour la Commission helvétique des Glaciers, 


pour Vadministration des Eaux 


Lausanne. 
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Ces correspondants nationaux gardent comme toujours la responsabilité de 
leurs données. 


Une récapitulation générale termine le Rapport. On y trouvera pour chacunes 
des grandes régions englaciées d’Europe, et pour les trois périodes 1953/54, 1954/55 
et 1955/56, outre les nombreux totaux d’appareils observés, les nombres des glaciers 
en crue, stationnaires ou en décrue. 


Commission des Neiges et des Glaces, Le Président : 
le Rapporteur : P. L. Mercanton.— R. Haefeli (Zurich) 


Lausanne, printemps 1957.— 


Avec nos remerciements trés vifs a nos correspondants pour leur information 
bénévole, laborieuse et délicate. 


VARIATIONS DE LONGUEURS DES GLACIERS FRANGAIS, EN METRES.— 


Le signe — signifie : décrue. L’absence de signe indique : crue. 
0: état stationnaire. A. signifie : année.— 


Alpes 


Haute-Savoie — Massif du Mont Blanc. (M. Vingénieur Bouverot) 


1953/54 1954/55 1955/56 
Argentieres — — —101 a.) 
Bois (Mer de Glace) _ — —182 (» ») 
Bossans — — D3lm(Biras) 
Bionnassay — — — 17 @G a.) 
Taconnaz — Sea e>> 
Tré la Téte — — F035 >a» 


Savoie — Tarentaise (M. \’Ingénieur Anchierri) 

Sources de I’Isere — : — —175 (6 a.) 
La Vache (alias La Galise) — — = 
Gébroulaz ase — 45 (Qa) — 


Savoie — Maurienne (M. Vingénieur Anchierri) 


Sources de l’Arc — —183 (Sa) — 
Mulinet — a OP ey Sb ee 
Grand Méan — — 
Evettes — a Ds Sy NS te 
Arnes — == 7/ 


Savoie — Grandes Rousses (M. Vingénieur Anchierri) 
Saint Sorlin d’Arves — a 


d 


Isére — Grandes Rousses (M. V’ingénieur Huin) 


Sarennes —X —X —X 
Hautes-Alpes. Massif du Pelvoux (MM. Widmann et Bastide) 

Glacier Blanc — 6 — 20 — 728 
Glacier Noir — 50 2 — 6 
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VARIATIONS DE LONGUEUR DES GLACIERS FRANGAIS, EN METRES. 
Le signe — signifie : décrue; l’absence de signe : crue; 0: stationnaire; A : année.— 


Pyrénées, Haute-Garonne (MM. Chabrol et Sannac) 
Glaciers du Portillon —X —X —X 


Hautes- Pyrénées (M. Vingénieur Chimits) 


Aussoue 0) —X — 18 (2 a.) 
Petit Vignemale 0) 0 0 
Oulettes de Gaube —X —X — 13 @ a.) 


VARIATIONS DE LONGUEUR DES GLACIERS ITALIENS, EN METRES. 
Le signe — signifie : décrue; l’absence de signe : crue; 0: stationnaire; A : année.— 


Alpi Occidentali 
Alpi Marittime 
Ghiacciai 1953-54 1954-55 1955-56 


Gruppo Clapier Argentera (Prof. P. Rachetto) 


Ghiacciaio del Clapier —6 —2 —4 
» » di Peirabroc —4 —l —2 
» » di Maledia —10 —0,5 —3 
» » del Murajon —3 —1 —2 
» » di Gelas —5 —2 —2 


Alpi Graie 


Gruppo Bessanese (Mr. C. Socin) 
Ghiacciaio della Bessanese —15 —6 —2 


Gruppo Gran Paradiso (MM. A. Moretti et C. Lesca) 


Ghiacciaio del Grand Etrét —!1 —7,5 —8 
» » del Monciair —10 —6 bs —18,5 
» » Moncorvé —7 —23 —10 
» » del Gran Paradiso —9 1,5 —9 
» » del Gran Neyron SSIES: 30) Vise 
» » del Trayo —2 —6 —13 


Gruppo Rutor (Mr. L. Peretti) 
Ghiacciaio del Rutor —20 (?) —10 


Gruppo Moravidi Lechaud (Mr. C. Lesca) 

Ghiacciaio di Chavannes — 
» » del Breuil _ —10 
» » di Arguereuil — 0 


innevato 
» 
» 
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VARIATIONS DE LONGUEUR DES GLACIERS ITALIENS, EN METRES. 


Le signe — signifie : décrue; l’absence de Signe : crue; 0: stationnaire; A : année.— 


Masiccio del Monte Bianco (Mr. C. Capello) 


Ghiacciaio di Pre de Bar —12 
» » di Frebouzie — 
» » del Triolet Alto —0,5 
» » del Miage: 
Lingua Sinistra —X 
» destra 0 
Lago del Miage —8 


Ghiacciaio della Lex Blanche — 


Alpi Centrali 
Alpi Pennine Valpelline (Mr. I. Cossard) 
Ghiacciaio di Tza de Tzan —22,5 


0,5 
—X 
—1 


—15 (2 a.) 
0) 

—5 

—!l 


SSIS) 


—40,5 


Gruppo Cervino Testa Grigia Grandes Murailles (MM. Vanni et C. Origlia) 


Ghiacciaio di Valtournanche 3 
» » della Furda 0 
» » di Tyndall —X 
» » di Cherillon —1,5 
(di potenza) 
» » di Montabel —X 


Valle d’ Ayas (Monte Rosa) (MM. F. de Gemini et L. 


Ghiacciaio Grande di Verra 
» » Piccolo di Verra 


—14,5 
—T7 


Monte Rosa (MM. W. Monterin et D. de Maria) 
Ghiacciaio del Lys —X 
» » diIndren Lingua sinistra —0,5 


» » Netscho 

» » di Piode Lingua sinsistra inneyato 
Lingua destra » 

» » del Sesia 


» » del Belvédére —15,5 


Alpi Retiche 
Gruppo Rambo Stella Suretta (Mr. A. Riva) 


Ghiacciaio del Ferré —15 
» » di Val Loga —14 
» » Sud Suretta —35 
» » di Osrsereigls —20 @ a.) 


Gruppo Disgrazia Bernina (Mr. A. Riva) 


Ghiacciaio di Ventine ——20 E45 a3) 
» » di Caspoggio — 
» » Fellaria W. —14 


» » di Scherschen _— 


—15 


—10 

—X 

1 
(di.potenza) 
—0,5 (2 a.) 


Valtz) 
5 
—16 


—30,5 (2 a.) 
—13 

—7J' (3 a.) 
3,5 (4 a.) 
inenvato 

155 

a 


—18 
—13 
—15 
—195 Q a.) 


(4 a.) 


2 

—3,5 (later) 
—2 

—X 

—20 

4 (later) 
—X 


—115 


2 (3 a. 


) 
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VARIATIONS DE LONGUEUR DES GLACIERS ITALIENS, EN METRES. 


Le signe — signifie : décrue; l’absence de signe : crue; 0: stationnaire; A ; année.— 


Valle di Livigno (Mr. I. Bellotti) 


Ghiacciaio del Mine 


» 


di Val Lia 


» di Valcardonné E. 


» » 
W. le Dosdé 
W. di Viola 


We 


Gruppo Ortles Cevedale (Mr. R. Albertini) 
Vedretta di Sternai 


» 


» 


di Sacrit 

delle Marmotte 
di Cavajon 

di Careser 


Di Lamare, 


Lingua N. 


» Centr: 
oe Ae 


Rossa 


Alpi Venoste, Occidentali (Mr. A. Ricci) 
Ghiacciaio di Vallelunga 


» 
» 


Alpi Orobie (Mr. G. Nangeroni) 


» 
» 


» 


» » 


di Barbadorso di dentro 


di fuori 


di Fontana W. 
di Giogo Alto 


Ghiacciaio del Trobio 


» 


» 


del Gleno 


Gruppo Adamello, versante lombardo (Mr. C. Saibaene) 
Ghiacciaio Pisgana E. 


» 


» Ww. 
Salarno 
Venerocolo 
Avio 


—3 
—17 


—10 


—7 

—15,5 (2 a.) 
—7 

—2 

—13 (2 a.) 
—12 @ a.) 
—l1 Qa.) 
—l » 

== j| » 

1 » 
—50,5 (2 a.) 
0 

—9 (2 a.) 
1 » 
—5,5 » 
—37 (4 a.) 
—39 » 
—S51 » 
—1,5 » 
—28 » 
—18 (2 a.) 
—7 

—13 s 
—1,5 
innevato 


Gruppo Ademallo Presanella, versante trentino (Mr. V. Marchetti) 
Vedretta Caré Alto E. 
Ghiacciaio Niscli 


» 


Gruppo di Brenta (MM. V. Marchetti et L. Ricci) 


» 


di Lares 


Ghiacciaio Folgorida 


» 
» 


della Lobbia 


del Mandrone 


di Nardis 
d’Amola 


2 
aed 
43 


—25 


at75 


94 
era 
1 


—0,5 
—0,5 


O staz. 
innevato 
—2 

—5 


= 

—14 

—7 (3 a.) 
—l1 
innevato 


VARIATIONS DE LONGUEUR DES GLACIERS ITALIENS (EN METRES) 


Le signe — signifie: décrue; l’absence de signe: crue; 0: stationnaire; a: Année 

»  » di Cornisello yer =19 5 

» » della Presanella —17 —6 —5 

» » dei XII Apostoli —5 —2,5 — 

» » Pra Fiori —8s ies) — 

» » di Lagol —15,5 —15,5 — 

» » Sfulmeni 7 —0,5 0 

» » di Brentei —3 —I] —S5,5 

» » Tuckett —38 —20 23 

» » di Vallesinella — —1,5 (2 a.) 0) 

» » Ambiez — —5,5 » = 
Alpi Orientali 
Alpi Dolomitiche 
Gruppo Sorapis Cristallo (Mr. P. Nicoli) 
Ghiacciaio Sorapis Orientale — —0,5 0 

» » » Centrale 3 0 0) 

» » »  Occid. —2 —0,5 — 

» » del Cristallo — —6,5 (2 a.) —14,5 
Alpi Giulie 
Gruppo Canin (Mr. D. di Colbertaldo) 
Ghiacciaio Canni Occident. —30 innevato —xX 

» » » Orient. —13,5 » » —X 

» » dell’ Ursic —2,5 > —X 

» » del Montasio Occ. —0 >> ==).4 

» iy eS: » » Orient. — » » —X 
Appennini 
Gruppo Gran Sasso (Mr. D. Tonini) 
Ghiacciaio del Calderone =X —X x 
VARIATIONS DE LONGUEUR DES GLACIERS SUISSES (EN METRES) 
Le signe — signifie: décrue; l’absence de signe: crue; 0: stationnaire; A : Année 
Bassin du Rhone 
Rh6éne 0 0 0 
Mutt (Gratschlucht) —X al’ 0 
Fiesch a 3h) =3 
Grosser Aletsch —9 —44,5 —6 
Lang —5,5 —5,5 —11,5 
Kaltwasser Svar 0 —44,5 
Allalin —20 15 —21 
Talliboden —10 —9I 3) 
Schwarzberg (Schwarzenberg) —8 Als 9 
Ofental = —13,5 =k 
Kessjen al —9,5 0,5 
Gorner HS —20 —24,5 
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VARIATIONS DE LONGUEUR DES GLACIERS SUISSES (EN METRES) 


Le signe — signifie: décrue; l’absence de signe: crue; 0: stationnaire; a: Anné2 
Z Mutt —6 —4 _ 
Findelen —15 —9,5 — 
Turtmann (ouest) 31,5 —10,5 —29 
Turtmann (Est ou Brunegg) —53 —1,5 —93 
Zinal (Durand de Tsinal) —9,5 2 —4 
Moming —32 —7 —4 
Bella Tola —6 7 — 
Moiry —2,5 —0,5 —17 
Mont Miné (anc. Ferpécle) —18 —11 = 47 
Bas d’Arolla (Arolla) 5 —34 —13 
[sidjiore-Nouve (Tsijiorenouve) —4 —l —6,5 
Cheilon (Duran de Seillon) —5,5 —! —2 
L’En Darrey (Lendarrey) —7 32 —26,5 
Grand Désert —9 20 —18,5 
Mont Fort —2 3 —10,5 
Otemma — —10,5 —20,5 
Mont Durand (Val de Bagnes) — —12 — 
Breney —6 —9 —9 
Valsorey —29 10) —21 
Corbassiére = —3,5 (2 a.) —18 
Giétro — —6,5  » 3) 
Saleina —45 —19 —20 
Trient ——36 —54 —20 
Tsanfleuron —34 8 poe 
Plan Névé (Grand) 20) 6 ee 
Plan Névé (Petot) 109 355 a 
Martinets —2 2 ee 
Prapio 60 Q a.) 15 2 

Sex Rouge 134 a> DES 0 
Paneyrosse —l1 0,5 — 
Bassin de Il’ Aar 

Oberaar * —92,5 —100 ~ BAGS 
Unteraar ** —16,5 —13 | 
Oberer Grindelwald —l1 —xX —xX 
Unterer » » —43 21) LASS 
Stein —20 —17 —12) 
Bliimlisalp aX 0 Se 
Schwarz as, 0 1 
Gamchi 0 Rent} —4,5 
Rosenlaui —14 —X oe 
Ratzli — — —68 (3 a.) 
Wildhorn a —c 12 e(Gieas 


* Retrait exagéré par l’ennoyage hydrotechnique annuel depuis 1954, 


** Tdem dés 1932. 
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VARIATIONS DE LONGUEUR DES GLACIERS SUISSES (EN METRES) 


Le signe — signifie: décrue; l’absence de signe: crue; 0: stationnaire; a: Année 


Bassin de la Reuss 


Griess (bei Unterschachen) 
Wallenbihl (bei Voralp) 


Chelen (Kehlen) 
Hifi 

Brunni 

Damma 
St-Anna 

Tiefen 

Firnalpli 


Griess (Engelberg) 


Bassin de la Linth 


Sulz 


Bassin du Rhin 


Punteglias 
Vorab 
Lavaz 
Porchabella 
Verstankla 
Lenta 
Schwarzhorn 
Sardona 
Paradies 
Suretta 
Calderas 
Piz Sol 


Bassin de Inn 


Morteratsch 
Tschierva 
Tiatscha 
Lischana 
Roseg 


Bassin de 1’ Adda 


Forno 
Palii 
Paradisino 
Cambrena 


Bassin du Tessin 


Rossboden 
Bresciana 


—3 (3 a.) 
0,5 

—38 
—8,5 
—14 


—X 2( a.) 


O75 
—542 (21 a.) 


—6 


16,5 

Sey) 

an 

0 (2 a.) 
955.(5 a) 


—18,5 2 a.) 
—14 

—4,5 

—4 

—10 

—20,5 

=(/33 

21,55 @Ga:) 
DIES SS 


—10 
—19 


43 (2 a.) 


eas 
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VARIATIONS DE LONGUEUR DES GLACIERS AUTRICHIENS, EN METRES. 


Contrélés par: Melle Mayer et MMrs. Schueller, Wannemacher, Prutzer, Mutsch- 
lechner, Vietoris, Paschinger, Lasser, Katschthaler, Lenzi, Pacher.— 


Gletscher, Ferner, Kees 1953-54 1954-55 1955-56 


Hochkénig 


nN 


Ubergossene Alm 1 0,5 


Dachstein (Gletscher) 


Gr. Gosau — —2 (2 a.) —10,5 
Hallstatter ? —8,5 —10 —4 
Schladminger — _- 0 G a.) 


Silvrettagruppe (Ferner) 


Litzner NE —l1 —5,5 0 

Litzner SW —4,5 — — 
Klostertaler —15 — —3,5 2 a.) 
Fermunt W —16,5 —l1 —14 
Fermunt E —27 —2 —S5 
Bieltaler —15,5 —1,5 —6 
Jamtaler —14,5 —3,5 —2,5 
Larein —7T — —7,5 (2) a.) 


Otztaler Alpen (Ferner) 


Weissec —21,5 —7 —9 
Gepatsch 87 —=54 —21 
Hinterer Olgruben —3 —15 0) 
Sexegeten —l1 —3,5 —5,5 
Taschach —68,5 —26 —23 
Mittelberg —10,5 —6 —4 
Karles —6,5 1 —I 
Rettenbach —5 0 —5,5 
Hochjoch —9 —23 > 0 
Hintereis —42 —-15 —30 
Guslar —10 —l1 —l1 
Vernagt —16 —12 amt) 
Mitterkar = —8 —2,5 
Rofenkar —5,5 —13,5 —4 
Taufkar —3 —7 —2,5 
Niederjoch —2,5 —18 —7 
Marzell —22 — —3 (2 a.) 
Schalf —25 = —9 » 
Diem — —15 2 a.) —15,5 
Spiegel —11,5 —9 —8,5 
Gurgler —16 4 B= 615 
Langtaler —18 —15,5 —18 
Rotmoos —48 —I7 —10 
Gaisberg —16,5 —9 —1u,5 
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VARIATIONS DE LONGUEUR DES GLACIERS AUTRICHIENS, EN METRES. 


Contrélés par: Melle Mayer et MMrs. Schueller, Wannemacher, Prutzer, Mutsch- 
lechner, Vietoris, Paschinger, Lasser, Katschthaler, Lenzi, Pacher.— 


Gletscher, Ferner, Kees 


Stubaier Alpen (Ferner) 


Sulztaler 
Bockkogel 
Schwarzenberg 
Bachfallen 
Langentaler 
Lisenser 
Alpeiner 
Berglas 
Hochmoos 
Daunkogel 
Schaufel 
Fernau 
Sulzenau 
Griinau 
Griibl W 
Griibl E 
Simminger 


Zillertaler Alpen (Kees) 


Waxegg 
Horn 
Schwarzenstein 


Venedigergruppe (Kees) 


Krimmler 
Obersulzbach 
Untersulzbach 
Habach 
Umbal 
Simony 
Maurer 
Dorfer 
Mullwitz (Zettalunitz) 
Frosnitz 
Schlaten 
Viltragen 


Glocknergruppe (Kees) 


Karlinger 
Barenkopf 
Klockerin 
Pasterzen 


1953-54 


1953-54 


—20,5 » 
—25,5 » 


—l1 Qa) 
—52,5 

—— Jiu 2 ae) 
—19 » 
—15,5 » 
—16,5 » 
66.5» 
—=35,5. >> 
= ys, Sy 
—19 » 
Sh 
2955 


——9)3}-5) (PO) Zin) 
—13 » 


1954-55 


—30 


1255 
—l1 


—7,5 


1955-56 


1955-56 


—43,5 (2 a.) 
—1,5 » 
—12 » 
—14,5 » 


—23,5 


—3,5 Qa.) 
—52 » 
—31,5 (2 a.) 
—6,5 » 


—36,5 (2 a.) 
—23,5 » 


hs) (OP aig) 
—14 » 
——=13 » 
—12.5 
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VARIATIONS DE LONGUEUR DES GLACIERS AUTRICHIENS, EN METRES. 


Contrélés par: Melle Mayer et MMrs. Schueller, Wannemacher, Prutzer, Mutsch- 
lechner, Vietoris, Paschinger, Lasser, Katschthaler, Lenzi, Pacher.— 


1953-54 1954-55 1955-56 
Wasserfall — — —2;5 (3 a.) 
Freiwand — — =| » 
PfandIscharten —6,5 — 0. -@ ap) 
Ankogelgruppe (Kees) 
Grosselend —5,5 —12,5 —8 
Kleinelend — — —1,5 (4 a.) 
Kialberspitz —I5 = S) —9,5 
Tripp W = —0,5 (3 a.) — 255 
Hochalm —2 —l (?) —l 
Winkel —10,5 ali =——'3 


VARIATIONS DE LONGUEUR DES GLACIERS NORVEGIENS 


1953-53 1954-55 1955-56 
Jostedalshreen 
Boyumbreen —12 7 7 
Store Suphellebre —10 —3 —7 
Austerdalsbreen —60 —43 —-43 
Tunsbergdalsbreen —21 —12 —10 
Nigardsbreen —4] —72 —54 
Fabergstélsbreen —40 —62 —34 
Lodalsbreen —30 —54 —52 
Stegaholtbreen —27 —3] —29 
Briksdalsbreen —13 —8 tl 
Jotunheimen 
Styggbreen —20 (2 a.) —18 “ —l1 
Tverrabreen —16 —12 —13 
Veslejuvbreen —13 » 3 —4 
Storjuvbreen —4] —31 ~*— 33 
Nordre Ilabre —l1 —6 —18 
Sondre Illabre —13 —5 0) 
Storbreen (Leirdalen) —18 —13 —15 
Leirtjénnbreen —10 _— —27 (2 a.) 
Boverbreen —9 — —33 » 
Slettmarkbreen —20 (2 a.) — —18 » 
Langedalsbreen —29 » — —I8 » 
Styggedalsbreen —14 —6 —9 
Svartisen 
Osterdalssisen —32 —51 —12 
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VARIATIONS DE LONGUEUR DES GLACIERS SUEDOIS 


1953-54 


Stor glaciaren —16 


1954-55. 1955-56 


a) 7 


VARIATIONS DE LONGUEURS DES GLACIERS ISLANDAIS (EN METRES) 


Le signe — signifie : décrue; l’absence de signe: 


1953-54 

Drangajokull 
Kaldalonsjékull —3 
Leirufjardarjokull —68 (2 a.) 
Reykjarfjardarjokull —228 
Snoefellsjokull 
Hyrningsjokull —30 (2 a.) 
Jékulhals = NSO. > 
Blagilsj6kull =—S0n => 
Eyjafjallajékull 
Gigjékull 313 (8 a.) 
Myrdalsjokull 
Solheimajékull W. —A48 

» » iB —10 
Jokulhéfuo —21 
Vatnajokull 
Skeidararjékull W. 0 

» y= >s E. —29 
Morsarjokull 35), 
Skaftafellsjokull —49 
SvinafellsjOkull N. 3 

» » »S. 7 
VirkisjOkull (Fallj6kull) 10 
Kviarjokull — —23 
Hratarjokull —22 
Fjallsj6kull —14 
Breidamerkurj6kull W. 7 

» » » EB. 133 
FelJsjokull = 
Bréokarjokull —15 
Birnujokull —S5 


crue; 0: stationnaire; a: année 


1954-55 1955-56 
—12 —75 
—110 —30 
—72 —26 
— —65 (2 a.) 
— —10 » 
—26 —14 
—20 —20 
0 0 
—40 —120 
208 —58 
—88 —102 
—31 —47 
—15 —| 
3 4 
5 0 
—32 —20 
—34 —3 
—4 0 
Leo —19 
Ew) —20 
=i —80 (4 a.) 
33 37 
—2 —l 
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VARIATIONS DE LONGUEURS DES GLACIERS ISLANDAIS (EN METRES) 


Le signe — signifie: décrue; l’absence de signe : crue; 0: stationnaire; a: année 


1953-54 1954-55 1955-56 

Heinabergsjoéklar 
Eyvindstungnakollur (Heinabersgjékull) —8 —10 —2 
Syori jélkul (Skalafellsjs.) 34) ——25 —12 
Nyrori j6kull (Heinabergsj.) —20 —35 —20 
Flaéaj6kull W. —4lI —47 —7 

» yy 1B. ety | eh ny 
Hoffellsj6kull W. —17 —46 —62 

» >a LB: —13 —4 —10 
Hofsjokull 
Nauthagajékull = es aA) 
Mulajékull 160 15 —44 
Langjokull 
Hagavatnsjékull syori (S-glacier) — — —168 (6 a.) 
Fulakvislarjékull (Pjéfadélum) — — —163 (5 a.) 
Kerlingarfjoll 
Lodmundarjékull — — —S5 (5 a.) 
Nordurland 
Gljafrarjokull — —68 (2 a.) —25 


VARIATIONS DE LONGUEURS DES GLACIERS D’EUROPE 


Récapitulation 


Régions Nombre de en crue stationnaires en décrue 
glaciers observés * 

France 
1953/54 7 == 2 : 5 
1954/55 14 1 1 12 
1955/56 14 2 1 11 
Suisse ; 
1953/54 73 5 3 65 
1954/55 76 19 7 50 
1955/56 67 8 4 55 
Italie 
1953/54 62 4 3 55 
1954/55 90 6 5 79 
1955/56 83 V/ 7 69 
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Autriche 


1953/54 
1954/55 
1955/56 


Norvége 


1953/54 
1954/55 
1955/56 


Islande 


1953/54 
1954/55 
1955/56 


Suede 


1953/54 
1954/55 
1955/56 


1953/54 
1954/55 
1955/56 


273 
268 
293 


NNN 


TOTAUX 


11 
15 
20 


244 
219 
250 
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GLACIATION OF THE TORNGAT MOUNTAINS, 
NORTHERN LABRADOR * 


J-D-LVES™ 


ABSTRACT 


The field work was carried out during the summer of 1956, and the paper is 
based upon this work together with a preliminary study of the aerial photographs. 

The highest summits of the Torngat Mountains were completely submerged 
at the Wisconsin Maximum by ice from the west moving toward the Atlantic Ocean. 
Erratics found at heights of up to 5.000 feet imply that the thickness of the ice 
above the summits was considerable. 

Following this stage it is envisaged that for a long period the level of the 
continental ice stood at the 2.000-2.200 feet level, and thereafter the ice melted 
predominantly by downwasting in situ when the snow line passed above the land 
surface. Detailed study of striations, erratics, and associated glacial features revealed 
that the final movement of ice was from the west through the mountains, and that 
some flow continued in the through-troughs after the local valleys had almost 
completely emerged. Thus ice lakes were damned in the tributary valleys laterally 
against continental ice in the through-troughs, and no local resurgence of glaciers 
occured after the dissipation of the inland ice. 

It is concluded that the Torngat Mountains were not a local centre of glacial 
outflow in late-Wisconsin times, with the exception of small cirque glaciers. Moreover, 
the hypothesis is presented that with a general lowering of the present snow line of 
Labrador-Ungava instantaneous glacierization across large areas of the plateau to 
the south-west would occur before the growth of any significant glaciers in the 
Torngat Mountains. 

A preliminary study of the semi-permanent snow beds and the present snow line 
in Labrador-Ungava tends to Support this hypothesis. Further study, however, is 


necessary before a conclusive statement of changing Wisconsin conditions can be 
presented. 


This paper was read in the absence of the Author by Dr. Svenn Orvig. 
INTRODUCTION 


The writer, (accompanied by his wife, Pauline Ives, as field assistant), worked in 
the Torngat Mountains of Northern Labrador between 27th July and 16th September 
1956. The work was made possible by research grants from the Banting Fund, admi- 
nistered by the Arctic Institute of North America, and from the McGill-Carnegie 
Arctic Research Programme. Transport from Goose Bay to and from the Torngats 
was generously provided by the British Newfoundland Corporation. 

Upper Kangalaksiorvik Lake, some 15 miles west of Seven Islands Bay in 
latitude 59°22’ north, was selected for the site of a base camp, and this was established 
with the aid of a Beaver aircraft on 27th July. In addition, the Beaver was able to 
lay two food and fuel caches, one at the northeast end of Lower Komaktorvik Lake, 
and the other by the shore of a small lake on the Quebec side of the boundary, some 
15 miles west of base camp. From these three centres an area of about 600 square 
ae principally within the «Central Range» of the Torngat, was reconnoitred on 
oot. 

Despite the short and relatively stormy season, it proved possible to complete 
a large part of the original programme, although an investigation of the cirque glaciers 
was curtailed by the persistence throughout the summer of a considerable thickness 


of the 1955-56 snow cover on their surface. After 20th August this was augmented 
by frequent falls of fresh snow. 


* Previously published in ‘Arctic, Vol. 10, pp. 76-87. 


* Me Gill Sub. Arctic Research Laboratory, Schefferville P. Q. Canada. 
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The following information is of a preliminary and reconnaissance nature, 
although it may be anticipated that future work will not greatly affect the general 
conclusions. The paper is based primarily upon a rapid review of the field notes and 
a cursory examination of the vertical air photographs from Saglek Bay northwards 
to Cape Chidley. It is hoped that this work will be intensified and extended in the 
future. The writer wishes to acknowledge the Report of Mr. Murray Piloski of the 
British Newfoundland Corporation for information on the bedrock geology of the area. 


OBJECTIVES OF THE FIELD WoRK 


Two generally accepted, and yet untested, theories, which have played a fundamental 
part in the modern concept of the glaciations of Labrador-Ungava, and of north- 
eastern North America as a whole, prompted the field investigations outlined below. 

In 1933, Odell, refuting the earlier work of Daly (1902), Bell (1882-84) and 
Coleman (1921), stated that the entire area of the Torngat Mountains had been 
completely inundated by continental ice at the Wisconsin maximum. Despite the 
slender evidence which Odell put forward, his concept, perpetuated by the writings 
of Tanner (1944) and Flint (1943 and 1947) has gained almost universal acceptance. 
Odell’s main ctiticism of Coleman is based upon the assumption that the felsenmeere 
so widely distributed above the 2,000 — 2,200 foot level was formed by frost action 
in post-glacial times. 

Flint (1943, 1947, 1952 and 1953) has contributed extensively to the present 
understanding of the growth and disappearance of the Quaternary ice sheets. In 
considering the general climatic deterioration at the onset of glacial times, Flint 
envisaged the intial growth of vigorous glaciers in the coastal mountains of north- 
eastern North America stretching from Labrador to Ellesmere Island. Flint states 
that the glaciers forming on these mountains would flow down their western flanks 
to accumulate as piedmont lobes and ultimately build up into an ice cap of continental 
proportions. During this growth the ice divide would move westwards from the 
mountains resulting in a reversal in the direction of fiow across the mountains towards 
the east. 

Flint pictured the reversal of these conditions towards the close of each glacial 
epoch, with the coastal mountains serving as the final centres of glacial outflow. 
‘This thesis apparently considers conditions in northeastern North America as the 
mirror image of those in northwestern Europe where the theory is based upon solid 
field evidence. Flint believed that the area west of the Torngat would prove of 
critical importance in the testing of this theory in the field, a belief which gieatly 
influenced the general localisation of this study. 

The main objective of the present work, therefore, was to attempt to establish 
the role of the Torngat in the glacierization of Labrador-Ungava, and in particular 
to assess the course of events in late-Wisconsin times with respect to the final disappea- 
rance of both continental and local ice masses. 


GEOLOGICAL BACKGROUND 


North of Nachvak Fiord the Labrador peninsula is composed of metamorphic 
and igneous rocks of Precambrian age. Between Nachvak Fiord and the Kangal- 
aksiorvik lakes the main structural trend is north-northwest to south-southeast 
roughly parallel with the coastline, and metamorphic zones of varying degree of inten- 
sity follow this trend. Much of the bedrock is composed of various types of gneiss, 
a finely-banded garnetiferous gneiss and a granite-gneiss being particularly abundant. 
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Fig. 1 — Glacial striations and grooves in banded 
unweathered as it lies beneath high 
at right angles. 2 Aug. 1956 


gneiss. The Surface is relatively 
iake level. The glacial markings cross the lineation | 


| 
f 


Fig. 2 — Roches moutonnées 
trough ldoking east. 


and perched blocks in the Abloviak-Kangalaksiorvik 


Kangalaksiorvik River and terraces in middle distance. 
4 Aug. 1956 


The rocks are predominantly coarse-grained and weather into a very rough surface 
upon which glacial markings are seldom clearly preserved, even on the lower ground 
which was cleared of ice most recently (Fig. 1). The entire area is cut by two series 
of basic dykes. 

In the vicinity of the KangalakSiorvik lakes the dominant structural trend swings 
round in a great arc and becomes roughly east-west on the Quebec side of the penin- 
sula. Piloski has described this as a possible drag fold and it has an important influence 
upon the present relief. A major trough-like valley, passing inland from the head 
of Kangalaksiorvik Fiord, closely follows this trend cutting through the height of 
land and passing westwards into Abloviak Fiord. Its highest point lies below 1,000 
feet, although the surrounding mountains exceed 4,000 feet. 

The major faults follow the dominant structural trend, although a second trend, 
roughly at right angles to the first, is readily apparent in the topography. 


PHYSIOGRAPHIC EVOLUTION 


Until a more detailed examination of the available material has been made the 
outline of the evolution of the Torngat Mountains given by Cooke (1930 )and supported 
and extended by Odell (1933) and Tanner (1944), will be adopted as the most satis- 
factory. Very briefly this envisages the predominance of erosional processes over 
sedimentation since Precambrian times. In late-Tertiary times the Labrador pene- 
plain was uplifted to a considerable height and tilted so that a high escarpment 
bordered the Atlantic Ocean and the plateau surface sloped down gradually towards 
the west. This event has severely conditioned the subsequent evolution of the area, 
and in this connection it is emphasized that the Torngat Mountains are not a mountain 
range in the true sense of the word, and in particular that there is no western flank, 
but merely a gentle plateau slope which passes gradually beneath the water of Ungava 
Bay. The terminology of «Coastal Range» and «Central Range» proposed by Odell 
(1933) is therefore misleading and extremely unfortunate. Throughout this report, 
however, Odell’s terminology is retained for the purpose of clarity when referring 
to different localities. 

It is assumed that prior to the onset of glacial times the uplifted peneplain had 
been subjected to the processes of a fluvial cycle of erosion fora sufficient length of 
time to allow a late youth to early mature stage of dissection to develop. This 
created a very rugged mountain country bordering the Atlantic Ocean, grading 
westwards into a slightly dissected plateau. 

This is an over simplification of the true pattern of development, but little more 
need be added for the present purpose other than emphasizing that the late-Tertiary 
uplift was by no means uniform, and that warping and faulting occurred, the results 
of which are clearly visible in the landscape today. 

The precise number of glacial periods which have affected the area is unknown, 
and so far no stratigraphic proof of more than one glacial period has been found 
in Labrador-Ungava. It is assumed, however, that the sequence of events in the 
Torngat closely paralleled the developments which are comparatively well known 
in southern Canada and northeastern United States. Morphological evidence, in 
the form of valley-in-valley cross sections and the floors of glacial valleys trenched 
by deep waterworn gorges of presumed pre-Wisconsin age, was found in the Torngat 
to support this assumption. The evidence indicates that the present landscape owes 
its appearance to two and possibly three glacial and inter-glacial cycles. 

The actual amount of erosion attributable to glacial action is a matter of consi, 
derable controversy, especially when viewed in the light of recent work (Battle 
1952: McCall, 1952; Boyé, 1950; Cailleux, 1952; etc.) much of which tends more 
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Fig. 3 — Boulder fields of glacial moraine from which the fines have been washed | 
by melt-water. Altitude about 1,500 feet. 2 Aug. 1956 


Fig. 4 — Frost-riven be 
Mountains. Altitude about 4,000 feet. 2 Aug. 1956 


drock (felsenmeere) on summit of peak in «Central» Torngat 


and more to question the effectiveness of glaciers as agents of erosion. It is assumed 
that little or no erosion of the open plateau surface was accomplished by the passage 
of the continental ice. Thus Odell’s designation of «glacial peneplain»» (1933, p. 209) 
is not accepted. A considerable amount of vertical and lateral erosion was probably 
accomplished in the great through-troughs and valleys, where the ice was thick 
and the speed of flow accentuated by the topographical restrictions. 

Fluvial erosion in pre-glacial and inter-glacial times, together with frost action 
and mass movement, and sub-glacial fluvial erosion, has probaly produced more 
important results by volume of material removed than have the glaciers. The presence 
of the glaciers, apart from their active participation, has been necessary for the 
production of the characteristic «glaciated» appearance of the Torngat Mountains 
today. It is not enough to state that the glaciers are ineffective as agents of erosion; 
an alternative method must be proposed which willadequately account for the U-shaped 
cross section with truncated spurs, the over-deepening and production of rock basins 
and valley steps, and the numerous other features so closely associated with «gla- 
ciated» mountains. Undoubtedly much more research is needed into the mechanisms 
of glacier flow and glacial erosion, but until conclusive evidence is forthcoming 
to the contrary the critical acceptance of the theory of glacial erosion seems advisable. 


THE EXTENT OF THE WISCONSIN GLACIATION 


The discussion is restricted to a consideration of the Wisconsin Glaciation, 
first, because the pre-Wisconsin evidence is so far indistinguishable, and secondly, 
because the Wisconsin was probably the least severe of all the glacial periods so that 
the conclusions reached here can be regarded as minimal for the greatest extent of 
continental ice in Quaternary times. 

Coleman (1921), and all workers before him (Daly, 1902; Bell, 1882-84) believed 
that the Torngat maintained a local centre of glaciation throughout Wisconsin 
times, that the penetration of continental ice from the west was limited, and that 
the higher summits, above about 2500 feet above present sea level, remained as 
nunataks even at the height of the ice flood. 

Coleman’s argument is based largely upon the sharp mountainous forms of 
the upper summits, which he believed would not have withstood inundation by conti- 
nental ice, and upon the presence, on the higher surfaces, of a heavy mantle of frost- 
riven bedrock, or felsemeer, which he considered to be of pre-Wisconsin age. 
Odell (1933), on the other hand, argued that the felsenmeer was formed in post- 
glacial times by vigorous frost shattering, which thus invalidates Coleman’s conclusion, 
and, despite the intensity of frost action, Odell found evidence of glacial polishing 
and grooving at an altitude of 4,700 feet. 

Apart from the theoretical challenge by Dahl (1946 and 1947) who suggests 
that the coastal summits above 3,000 feet must have remained as nunataks upon 
a consideration of the marginal surface slope of inland ice sheets, the conclusions 
of Odell have remained largely undisputed (see, however, Mercer, 1956). Work in 
Iceland, where it was possible to prove conclusively that the high coastal mountains 
remained as nunataks throughout the glacial epoch, induced the writer to consider 
carefully the objections of Dahl, and to attempt to reassess the field evidence before 
making a final conclusion. 

Thirteen of the major summits in the «central» Torngat, between Chasm Lake 
and Upper Kangalaksiorvik Lake, were ascended and their surfaces were subjected 
to minute examination. In addition innumerable spot examinations were made for 
evidence of glacial action throughout the area studied. From this two important 
generalisations can be made. First, in the eastern sector, between Mount Tetragona 
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Fig. 5 — Perched blocks on glaciated summit of ridge above the confluence of 
Abloviak River with south bank tributary. Note the absence of frost-riven. blocks. 
Altitude about 2,900 feet. 7 Aug. 1956 


Fig. 6 — Felsenmeere on summit '/, mile west of summit in Fig. 6. Occasional large 
boulders possibly emplaced from ice cover. «Ungava Bay Plateau» 
Altitude about 2,900 feet. 7 Aug. 1956 


in background. 


and the Quebec boundary, there is a marked contrast between surfaces above and 
below the 2,000— 2,200 foot level. Below this level evidence of widespread glaciation, 
as noted by Coleman (1921), was abundant, mainly in the form of erratic and 
perched blocks, glacial striations (Fig, 1), ablation moraine (Fig. 3), roches mouton- 
nées, and fluvioglacial deposits. Above this level evidence of glaciation was almost 
entirely lacking. Secondly, on the western side of the Labrador-Quebec boundary 
where the mountains merge imperceptibly with the «Ungava Bay Plateau» conclusive 
evidence of glaciation was found up to a height of 3,000 feet above present sea level. 
Superficially it appeared that Coleman’s interpretation, with this modification, 
was generally correct. Nor would it be anticipated that Odell’s poorly preserved 
striations could have survived the vigorous frost action which he himself invokes 
to explain the formation of the felsenmeer in post-glacial. times. This is especially 
emphasized when it is pointed out that the bedrock upon which Odell found indi- 
cations of glacial striations was a finely-banded coarse-grained gneiss which weathers 
to produce coarse, north-northwest to south-southeast ridges and furrows, and a 
similar set at right angles along the cross jointing, all of which closely resemble poorly 
preserved striations, and upon which it is impossible to distinguish glacial markings 
when in a weathered state. 

Before proceeding further it is necessary to consider the weight of the evidence 
which is placed upon the presence of felsenmeer upon the upper surfaces. Examina- 
tion of the superficial cover throughout the Torngat revealed that, excluding obvious 
till and fluvio-glacial deposits, there are two distinct types of boulder fields (felsen- 
meer). Below the 2,000 — 2,200 foot level the mass of boulders is characterised 
by a sub-angular to sub rounded form (Fig. 3), although occasional boulders have 
been split subsequent to the rounding process. Above this altitude and away from 
talus slopes the surface cover of rock debris is distinctly angular (Fig. 4). The latter 
is described as true felsenmeer, the product of frost-shattering on bedrock; the 
former is believed to be glacial moraine from which all the fine material has been 
washed away by running water. 

A further examination of the felsenmeer takes the argument to its conclusion. 
The summit ridge overlooking the junction of the Abloviak River withits main south 
bank tributary has two summit areas separated by a slight saddle, each about 2,800 
feet above sea level. The ridge follows the east-west structural trend so that the compo- 
sition of the bedrock of which the two summits are composed is identical — a coarse- 
grained gneiss. The eastern summit is a ridge of bedrock which is littered with 
perched blocks which have undoubtedly been deposited by continental ice (Fig. 5). 
In contrast (Fig. 6) the western summit is broad and level, about 600 yards across, 
and is covered with a deep mantle of frost-riven bedrock. Erratics were found 
amongst the angular blocks. If the felsenmeer is truly of post-glacial age it is 
difficult to account for the relatively unweathered appearance of the eastern summit 
(Fig. 5). That this summit has been swept clear of superficial material, implies that, 
as the rock type is the same, its original cover of felsenmeer has been formed in 
pre-Wisconsin times and that it has been removed subsequently by the same agency 
which deposited the erratic blocks. The broader summit (Fig. 6), presumably because 
of a difference in local conditions, of which the areal extent is probably important, 
retained all or most of its cover of felsenmeer, which, however, may have been 
slightly reworked by the passage of ice. 

The evidence already presented appears to invalidate the conclusions of both 
Coleman (1921) and Odell (1933), and the problem would have remained unsolved 
but for the eventual discovery of unequivocal erratic bocks (Fig. 7) on two of the 
major summits ascended, one at a little over 4,000 feet, and the other at the 5,000 
foot level. 

The general scarcity of erratic material on the higher summits must not be 
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Fig. 7 — Erratic block of granité-gneiss on summit in «Central» Torngat Mountains. 
Altitude about 4,000 feet. 27 Aug. 1956 
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Fig. 8 — Dissected perched delta and glacial lake shoreline in south b 
valley of the main Abloviak-Kangalaksiofvik trough. 10 Aug. 1956 


ank tributary 


over-emphasized as, from a consideration of the morphology, the emplacement of 
erratics by continental ice flowing from lower land west of the Torngat would be 
a matter of some difficulty. Any erratic material found at over 4,000 feet must have 
been dragged up in the bottom layers of the continental ice. This movement would 
need a vigorous flow of ice across the summits, which in turn implies that the summits 
in question were submerged beneath a considerable thickness of ice. 


The morphology of the two mountains upon the summits of which the erratic 
blocks were found is interesting in this connection. Each summit was broad and level 
with a gently sloping west or southwest ridge. On one, which lies immediately north 
of Precipice Mountain in the Komaktorvik lakes area, the southwest ridge is broad 
and slopes gently from the summit, at a little over 4,000 feet, down to 2,700 feet. 
A trail of erratics was found from the 2,700 foot level all the way to the summit. 
The second summit is similar in form; it exceeds 5,000 feet, and lies immediately 
north of Chasm Lake. It is considered that such gentle slopes in the direction from 
which the ice came would be particularly favourable to the emplacement of erratic 
blocks, whereas it seems likely that steep onset faces would be inimical to this process. 


The erratic material was of granite-gneiss composition and was found to be 
resting upon finely-banded garnetiferous gneiss. As the bedrock geology west of the 
Labrador-Quebec boundary is little known, this material may only have travelled 
a short distance, especially as granite-gneiss is a very common rock in the Torngat 
area. However, its presence was sufficient to indicate that continental ice had passed 
Over mountains exceeding 5,000 feet and it is considered that the thickness of ice 
above the summit must have been in the order of 1,000 feet in order to promote the 
vigorous movement necessary for the emplacement of the erratics. The erratics were 
relatively unweathered compared with the bedrock and felsenmeer upon which they 
were resting, and it is assumed that they were deposited in post-Sangamon times. 


From the evidence outlined above the following conclusions are put forward:— 

1) The formation of felsenmeer pre-dates the Wisconsin Glaciation. 

2) Boulder fields of sub-angular to sub-rounded form below 2,000 to 2,200 
feet are washed glacial moraine. 

3) During the maximum of the Wisconsin, and hence during each preceding 
glacial period the highest summits of the «central» Torngat were submerged beneath 
continental ice about 1,000 feet in thickness. 

4) The maximum stage of inundation was relatively short-lived, and following 

this stage the higher summits stood as nunataks above the ice sheet for a considerable 
period. 
5) A position of equilibrium was maintained for a long period when continental 
ice, flowing eastwards through the great west-east troughs and diffluence passes 
stood at the 2,000 — 2,200 foot level in the east, and up to 3,000 feet on the western 
slope of the «Ungava Bay Plateau» where the damming effect of the higher land 
caused the eastward moving ice to be piled up to a greater height. During this period 
the local cirque glaciers would be very active and the sharp serrated ridges and peaks 
would receive their final etching. 


THe EXTENT OF THE WISCONSIN GLACIATION ON THE COASTAL SUMMITS 


So far the discussion has not included the so-called «coastal range» of Odell 
(1933) where summits of the Four Peaks group, Mount Tetragona, and southwards, 
exceed 3,500 to 4,500 feet in close proximity to the present coastline. As no definite 
evidence of the glaciation of these summits was obtained the discussion must follow 
the theoretical lines of Dahl (1946 and 1947). 
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Dahl objected to the conclusions of Odell (1933) and Tanner (1944) on the thick- 
ness of the Wisconsin ice sheet on theoretical grounds based upon the measurement 
of the marginal slopes of present and past ice sheets. Dahl suggests that the maximum 
slope of an ice sheet bordering a deep ocean would be 1: 100, and upon this basis 
sharp coastal summits exceeding 1,000 meters within 100 kilometres of the margin 
of such an ice cap would remain as nunataks. Assuming the presence of a floating 
ice shelf, Dahl allows that the coastal summits could slightly exceed 1,000 meters 
and still fail to project as nunataks. Mercer (1956) has reiterated this argument and 
applied it to the southeast peninsula of Baffin Island as well as to the Torngat 
Mountains. 

The first edition of the Canadian Hydrographic Charts, Nos. 4775 and 4776, 
published in 1955, clearly indicates that a broad continental shelf fringes the Northern 
Labrador coast, exceeding 100 miles in width in places. Eastward of the Torngat 
the shelf extends for 90 to 110 miles reaching a depth of 140 — 150 fathoms along 
its outer margin before dropping off steeply into very deep water. It is contended 
that the continental shelf would allow the accumulation of an enormous mass 
of ice, and if Dahl’s marginal slope of | : 100 is applied to a continental ice sheet, 
the outer margin of which floats on the deep water bordering the shelf, such coastal 
summits as Mount Razorback would certainly be submerged, and it is most probable 
that the higher summits, slightly farther inland would also be submerged, if only 
by a relatively. thin cover of ice. 

It is seen, therefore, that the evidence which supports the conclusion that the 
interior summits were covered by ice about 1,000 feet thick at the Wisconsin Maximum, 
suggests that the extreme coastal mountains were also submerged. 


DIRECTIONS OF ICE MOVEMENTS IN THE TORNGAT 


The main movement of ice through and over the Torngat Mountains was from 
a westerly direction. As the bottom layers of the ice were strongly controlled by the 
topography, and as no striations were found on the summits examined, it has not 
been possible to give a more precise direction of movement than this. Although the 
trends of the striations in the valleys are, therefore, of limited value, they are instructive 
as, collectively with directional evidence gained from the examination of roches 
moutonnees, erratics and fluvio-glacial deposits, they provide a picture of condi- 
tions during the latter half of Wisconsin times. 

As suggested above, it is envisaged that for a considerable period following the 
maximum extent of the Wisconsin ice sheet the higher summits projected as nunataks. 
During this time the pattern of movement clearly suggests that the Torngat were 
partially inundated by a great anastomosing system of glaciers flowing from an area 
to the west through every available trough, valley, pass and col, towards the Atlantic 
Ocean. This was slightly augmented by local ice supplied primarily from the numerous 
cirques. 

Several interesting cirques were examined and these showed every stage in the 
transition from a self-contained cirque with the backwall unbroken to an ice diffluence 
valley resulting from the progressive breaching of the backwall by a combination 
of cirque erosion and penetration by ice moving from the west. 

It is emphasized that movement of ice from the west predominated except in 
the limited cases of local movement within the cirques. In no instance was there 
found any evidence of the reversal of flow towards the west from a theoretical local 
ice cap, and in only minor instances does the morphology of the western part of 
the Torngat coincide with westerly drainage. The three east bank tributaries of the 
main Abloviak tributary valley are broad and typical U-shaped valleys which trend 
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roughly east-southeast to west-northwest. The two largest valleys enter the main 
valley at grade, the third hangs some 800 feet above the floor of the main yalley. 
From a consideration of their morphology at some period they contained westerly 
flowing glaciers. 

No moraines nor striations were found in these valleys, but even allowing 
the morphology of the valleys as evidence of local glacierization, and assuming that 
these valleys contained glaciers in late-Wisconsin times, this is of very limited extent 
and does not invalidate the general conclusion that no major reversal of flow occurred 
toward the close of Wisconsin times. 

Examination of the movement of erratics was made in detail in certain limited 
areas. For example, all anorthosite erratics were found eastward of their parent 
outcrops. The same conclusion was drawn from an examination of the eastern margin 
of the north-south zone of garnetiferous gneiss which extends from Nachvak Fiord 
to the Kangalaksiorvik lakes. Lack of clear differentiation between the various rock 
types of the metamorphic zones did not allow further expansion of this method in 
the time available. Occasional blocks of crystalline quartzite were found in the 
Kangalaksiovik-Abloviak trough and below the Komaktorvik lakes, which may 
have been derived from the outcrop of crystalline quartzite shown on Piloski’s map 
northwest of the head of Upper Komaktorvik Lake. If this is so it suggests a circuit 
movement of the bottom ice conditioned by the major topographic forms. Blocks 
of a pudding stone conglomerate were found along the floor of the main south-bank 
tributary of the Abloviak River. This rock was not found in situ and it is possible 
that it may represent blocks of indurated moraine. 


LATE-WISCONSIN CONDITIONS 


The predominance of the west to east direction of ice movement is significant 
in a consideration of the process of deglacierization of the Torngat. A series of 
critical localities, such as the thresholds of north-facing cirques tributary to major 
west-east valleys, the confluence of tributary valleys and the main through-troughs, 
and several of the main ice diffluence cols, was selected and studied in an attempt 
to assess the extent of any late-Wisconsin resurgence of local movement once the main 
ice streams from the west had disappeared. All the evidence suggests that such a 
resurgence did not occur, and that the final movement of ice was from the west. 
This was illustrated by an examination of the threshold of the cirque on the north 
face of Mount Tetragona which contains Bryant’s Glacier. The present snout 
stands at about 1,400 feet above sea level and below it three morainic arcs extend 
northwards; the terminal moraine, lying at about 1,100 feet above sea level, is situated 
almost one mile north of the snout. This moraine probably marks the historical 
maximum of the glacier, although it may possibly represent a late-Wisconsin stage. 

The cirque opens out into a major U-shaped valley which cuts from southwest 
to northeast through the Tetragona mountain group. Clear evidence was found in 
this valley, in the form of erratics, roches moutonnées and striations, that the final 
movement of ice was towards the northeast, and striations were found within 100 
yards of the terminal moraine of Bryant’s Glacier. Thus it is apparent that in late- 
Wisconsin times the cirque glacier was-not sufficiently vigorous to extend beyond 
the limit of its own cirque. Similar evidence was found throughout the area and 
indicates the insignificance of a late-Wisconsin outflow of ice from the ‘Torngat. 

This was further substantiated by the presence of lake shorelines in valleys 
tributary to the main through-troughs, indicating that ice-dammed lakes existed in 
the local valleys while continental ice still remained in the main valleys. A well formed 
shoreline was observed in the south bank-tributary of the Abloviak Valley extending 
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six miles upstream at an altitude of almost 600 feet above sea level. A series of per- 
ched deltas, subsequently dissected, were found on each side of the valley and 
coincided with the shoreline (Fig 8). Subsequent lowering of the trunk glacier in 
the Abloviak Valley appears to have been gradual as no lower shorelines nor per- 
ched deltas were found. It is clear, however, that in the main valley, once the divide 
area had emerged from the ice, a second lake was formed to the west of the 
divide which spilled over eastwards into the Kangalaksiorvik River. 

Examination of the aerial photographs reveals the presence of lake shorelines 
in other parts of the Torngat. Mr. Piloski and Dr. Wheeler have informed the writer 
that similar ice-dammed lakes were formed in the Saglek Fiord-Korok River area 
farther south. 

For the present no definite chronological correlation between the lake shorelines, 
overflow channels and marginal drainage channels can be attempted. However, 
the main lines of the deglacierization can be envisaged. 

Following the emergence of the summits as nunataks the Torngat remained 
in a stage of partial submergence for a considerable period. With the general climatic 
amelioration which heralded the close of Wisconsin times the snowline in Labrador- 
Ungava gradually became higher. A critical height would be reached after which 
a relatively slight vertical movement would lift the snowline above a vast area of 
the ice cap, and in a very short time the entire cap would become climatically dead. 
Thus the early stages of thinning would be gradual but the final stage would result 
in rapid thinning of the glaciers and the ice sheet itself. At this stage it is believed that 
the main trunk glaciers were still of the order of 2,000 feet in thickness and conti- 
nued their flow towards the east for some time. Progressively the supply of ice would 
diminish and they would eventually melt in situ, the floors of the deepest valleys 
being the last areas to be free of ice. 

This condition is clearly seen in the Komaktorvik-Chasm lakes area where 
sub-parallel marginal drainage channels sloping gently down valley can be traced 
from an altitude of about 2,000 feet down to the valley floors. The average vertical 
interval between the channels is about 15 feet, and if, as maintained by Mannerfelt, 
they are annual features, the final wastage of the 2,000 feet thick Komaktorvik and 
Chasm glaciers appears to have been coinpleted in less than 150 years, although 
this does not allow for temporary climatic fluctuations. 

This phenomonal rate of disappearance of ice and the production of huge volumes 
of melt-water is in accordance with the evidence that below the 2,000 to 2,200 foot 
level the land has been thoroughly washed by strong melt-water torrents. 

Typical dead-ice topography in the floors of the main valleys indicates the loca- 
tion of the final ice remnants — at those places where the ice Feached a maximum 
thickness in Wisconsin times and where the supply from the west was probably 
the most vigorous. 

Finally, it is probable that when the deglacierization was complete the cirque 
glaciers also melted away, and that the present diminuitive cirque glaciers have 
developed since the post-glacial Thermal Maximum, that they reached their maximum 
historic extension between 1600 and 1850 A.D., during the so-called «Little Ice Age», 
and at present are possibly just emerging from a period of rapid recession. 

Following the emergence of the land from the Wisconsin ice masses a marine 
transgression occurred, reaching a minimum height of 205 to 225 feet above present 
sea level. The assumption that the original depression, due to the thickness of the 
ice load, and hence the subsequent recovery, was greatest in the west is supported 
by scattered pieces of field evidence. Old river terraces in the Abloviak Valley were 
seen to be inclined gently towards the west, that is, in a down-valley direction. Mr 
Piloski has also described a lake shoreline above Nakvak Brook, which drains into 
the northern arm of Saglek Bay, to be inclined towards the west. 
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THE ROLE OF THE TORNGAT AS A POSSIBLE CENTRALE OF ICE DISPERSAL 


From the evidence presented above it appears that in late-Wisconsin times 
no centre of ice dispersal existed in the Torngat Mountains. Before the possible role 
of the Torngat in the initiation of the Wisconsin ice sheets can be considered the 
physical character of the area must be re-emphasized. 

Flint (1943) tends to regard the Torngat as a mountai range, and if this were 
the case then his theory of the initial accumulation and dispersal from such a range 
is logical. As has been stated above however, Odell’s terminology of «Coastal» and 
«Central» ranges is especially unfortunate as the Torngat are merely the dissected 
eastern edge of an uplifted and tilted peneplain. Above all, the western slope is 
extremely gentle and any such description as «western flanks» is erroneous. Secondly, 
a vast area of the Labrador-Ungava plateau exceeds 2,500 feet in altitude, which, 
when considering the areal extent and position in relation to the source of precipi- 
tation, is much more significant as an initial accumulation area than are the Torngat. 

Preliminary investigations of the snowline in Labrador-Ungava, after the style 
outlined by Professor Gordon Manley in England (1949), also lend support to this 
concept. Semi-permanent snow beds in the Knob Lake area at an altitude of 2,000 
feet above sea level allow a rough estimate to be made of the present height of the 
snowline above the land surface. This is approximately 2,000 feet or 5,000 feet above 
sea level. In the Torngat the permanent snowline lies at about 3,500 feet. Widespread 
lowering of the snowline across Labrador-Ungava, resulting from progressive climatic 
deterioration at the onset of glacial times, would rapidly place an immense area of 
the plateau above the snowline, and hence form a huge reservoir of névé long before 
any significant accumulation could occur in the Torngat. Although many more 
data are needed, it is concluded that at the onset of Wisconsin times glacierization 
across a large area of the Labrador-Ungava plateau would be instantaneous with 
any significant lowering of the snowline. Furthermore, although small glaciers would 
develop concurrently in the Torngat, the build-up of an ice cap on the plateau to. 
the southwest would starve them of precipitation and the first major glaciers would 
move from the west and southwest through the mountains to the Atlantic Ocean. 


CONCLUSIONS 


1. The highest summits of the Torngat Mountains were completely submerged 
by eastward moving continental ice at the height of the Wisconsin Glaciation. The 
ice reached a thickness of possibly 1,000 feet above the «central» summits and the 
highest coastal summits were probably covered by at least a thin cover when the ice 
margin reached the vicinity of the outer edge of the continental shelf, some 90 to 
100 miles east of the present coastline. 

2. Local glaciers in the Torngat never reached significant dimensions, and in 
late-Wisconsin times most cirque glaciers did not even overspill the cirque thresholds. 

3. The final movement of ice, excluding the local movement within the cirques, 
was fromthe west, and during the final stages of the Wisconsin Glaciation there 
occurred the rapid melting in situ of thick masses of ice. 

4. Two, and possibly three separate glacial periods are recognized from the 
morphology of the area. 

5. Instantaneous glacierization of a large area of the Labrador-Ungava plateau 
is considered the most likely method of initiation of a continental ice sheet in north- 
eastern North America at the onset of each glacial period. 
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Author’s Note 


Further field work during the summer of 1957 leads to the conclusion that 
there was a major discontinuity between the period of complete inundation of the 
high summits by ice and the period when the surface of the ice stood at the 
2,000 to 2,200 foot level. This implies that two distinct glaciations, separated by 
an interval of complete or partial deglacierization occcurred in late Pleistocene 
time. 
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AVALANCHE CLASSIFICATION 


M. R. DE QUERVAIN 
Swiss Snow and Avalanche Research Institute Weissfluhjoch| Davos 


ABSTRACT 


The problem of avalanche classification is much older than that of snow 
classification. Nearly every scientist, alpinist or alpine writer dealing with avalanches 
has proposed a separate system. 

The author of this note wishes to give a survey of various existing avalanche 
classifications, including a suggestion which has been published by R. HAEFELI and 
himself. Whether or not an effort should be made for setting up a standard 
classification may be decided by the commission. 


In the course of the last 100 years a great number of avalanche classifications 
have been suggested. There is a preference in certain countries or among certain 
groups for the one or the other system but hardly any one has fully been adopted. 
Although the matter is not of primary importance it is proposed to discuss it once 
on an international level. Would it be useful and possible to agree on a standard 
classification, either by accepting one of the existing systems or by creating a new 
one? An excange of opinions on this question seems to be desirable in any case. 

No doubt, the project would be opposed by some serious difficulties: 

— Not all languages dispose of a suitable vocabulary in this range. 

— Certain terms which are not well defined and therefore objected by many 
authors are already deeply rooted in the common language. 

— A classification may suit a scientific purpose but not necessarily a general 
application and vice versa. , 

For approaching the problem, the following procedure is recommended: First 
the general need and the particular interests of science, technique and mountaineering 
etc. in a classification should be established. Next all existing classifications have 
to be examined. It then may appear if any of them is satisfactory or if it is necessary 
and promising to try a new system. In this paper an attempt in this direction is made, 
consisting in an analyis of the requirements to be fulfilled of a classification and in 
a survey of existing classifications (without discussion). 


Ie REQUIREMENTS OF AN AVALANCHE CLASSIFICATION 


a) General 


A classification, whether made for scientific use or for popular application. 
should be scientificaly correct and based only on well-established facts and not on 
theories. It should be able to survive any new results of research. New facts, however, 
may complete and refine the classification if necessary. A close agreement should 
be obtained in the terminology of the different languages. 


b) Scientific and technical classification 


The scientist wants to classify the entire range of facts without regard to practical 
application. There are two principal methods of classifying in science. A deductive 
scheme proceeds from an universal term to the special individual by subdivision 
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(for example the classification of animals with species and sub species). An additive 

scheme builds up the general term by combining the single independant characteristics. 

Mixed deductive and additive schemes are often used. Which system is best for an 

avalanche classification may be decided after the analysis is made. As an avalanche 

is not only a steady object, which can be photographed, but also an event with its 

antecedents, particular difficulties arise in building up a consistent classification. 

Objects of an avalanche are: 

— the terrain with its configuration, exposition and coverage 

— the snow cover of a certain shape, depth and stratification 

— type and dimension of the fracture of the snow 

— momentaneous appearance of the movement (for example a snow cloud) 

— the resulting change of the snow cover along the track of the avalanche including 
the deposit. Changes at other objects (destructions) 

The event is characterized by: 

— development of weather in advance (snow fall, wind, temperature) 

— starting incident (spontaneously or foreign influence) 

— development of movement and dimensions 

— type of movement (sliding, rolling, turbulent) 

— velocity 

— dynamic effects 

The events are facts as well as the objects, but in general there is not as much 
known about them. ; 

The technical requirements of an avalanche classification are not very different 
from the scientific ones. Permanent avalanche protection is the main technical 
problem. For this avalanches have to be characterized according to fracture type, 
dimensions, movement and effects from the starting point to the end of the deposit. 
As not only scientifically educated people have to deal with technical aspects, the 
classification must be simple. In technical work (mapping, statistics) code systems 
or graphic symbols for representing the date are often useful and should also be 
investigated. 


c) Classification for mountaineering 


The mountaineer is interested in avalanches for reasons of safety mainly. He 
wants to know where and when an avalanche may occur, and, if it does, what risk 
is involved. With regard to rescue operations some knowledge on the general behaviour 
of avalanches is also desirable of course. 

Thus, a classification for mountaineering purpose should»above all deal with 
the conditions of avalanche formation i.e. with the terrain and the snow quality 
with respect to the foregoing weather. A simple and concise scheme and intelligible 
terms are also important requests. . 


2. EXAMPLES OF EXISTING AVALANCHE CLASSIFICATIONS 


These examples, originating from european countries only, are not given in all 
details, nor do they represent a complete survey. The English translations from the 
original languages made by the author may be susceptible to improvement. In 
brackets the original wording is added if necessary 


a) F. Ratzel, Germany (1889) distinguishes between the classical terms 


—dust avalanches (Staublawinen) 
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— ground avalanches (Grundlawinen) 
«Ground avalanches» are defined as avalanches, dragging along soil and rocks 
form te ground. He proposes to denominate the form of movement by 
— rolling avalanches (Rollawinen) and 
— sliding avalanches (Rutschlawinen) 


b) J. Coaz, Switzerland (1888), defines avalanches as «big snow slides» (grosse 
Schneeschlipfe). He also uses 
— dust avalanches (Staublawinen) 
— ground avalanches (Grundlawinen) 
The second type is characterized as snow stream of low velocity intermingled 
with grass and rocks. 
C. is not in favour of «rolling» and «sliding avalanche». Glacier avalanches are 
also mentioned as a third type. 


c) V. Pollak. Austria (1891) 


1. Dust avalanches ((Staublawinen). 
— pure dust avalanches (air borne) 
— common dust avalanches (partly air borne, partly loose ground avalanche) 

2. Ground- or mass-avalanches (Grund- oder Massenlawinen) 

3. Surface layers avalanches (Oberlawinen). 

The ground avalanche is defined as an avalanche flowing along the ground. 
Small avalanches are also called «snow-slides» (Schneerutsche). 


d) A. Allix, France (1925) gives a two dimensional system of the following kind 
(not complete) 


location kind of snow 
dry wet 
at start (départ) flowing (coulante) — 
rolling (roulante) rolling 
sliding (glissante) sliding 
= 
e in the course cascade cascade 
2 — whirl (trombe) — 
iS — jet (fontaine) jet 
eB flow (coulée) flow 
e — superficial — rapid (rapide) 
5 — to ground (de fond) — slow (lente) 
= —_ = 
at end (arrivée) cone 


tongue (langue) 
a ee eee ee ee ee 
The term ground avalanche (avalanche de fond) is transformed into « coulée 


de fond ». 


e) F. Fankhauser, Switzerland (1929) considers the classical distinction dust avalan- 
ches — ground avalanches not to be satisfactory. 
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He reduces the system to 
— dry avalanches 
— wet avalanches 
— mixed avalanches 


f) G. Seligman, England (1936) 
I. Dry snow avalanches 
1. dry powder-snow avalanches 
a) wild-snow avalanches 
b) dry new-snow avalanches 
c) dry settled-powder avalanches 
2. dry old-snow avalanches 
II]. Wet-snow avalanches 
1. damp-snow avalanches 
2. medium wet snow avalanches 
3. very wet snow avalanches 
Ill. Wind slab avalanches 
IV. Ice avalanches 
The old terms of « Staublawine » and «Grundiawine » «have gone for good» 
according to Seligman. 


g) W. Paulcke, Germany (1938) thinks the quality of the snow to be essential for 
the classification. 


Dry snow avalanches (Trockenschneelawinen) 
a) wild-snow avalanches (Wildschneelawinen) 
b) dry loose snow avalanches (trockene Lockerschneelawinen) 
c) packed snow avalanches (Packschnee-Lawinen) 
(snow shield avalanches) (Schneeschild-Lawinen) 
d) compressed snow avalanches (Presschneelawinen) 
(snow slab avalanches) (Schneebretter) 
e) depth hoar avalanches (Schwimmschneelawinen) 
(dry old snow avalanches) (trockene Altschnee-Lawinen) 
B. Moist and wet snow avalanches (Feucht- und Nass-Schneelawinen) 
f) moist and wet loose snow and packed snow (feuchte, nasse Lockerschnee- und 
avalanches Packschneelawinen) 
g) wet firn snow avalanches (nasse Firnschnée-Lawinen) 
(wet old snow avalanches) (nasse Altschneelawinen) 


. 


C. Glacier avalanches 
h) firn-ice avalanches (Firneis-Lawinen) 
i) glacier-ice avalanches (Gletscherlawinen) 


h) W. Flaig, Austria (1955) 


After having published other suggestions, he gives in his recent book the follo- 
wing scheme: 


I. Loose snow avalanches (Lockerschneelawinen) 
a) dry loose snow avalanches (trockene Lockerschneelawinen) 
— *powder avalanche (*Pulverlawine) 
(following the ground) 
— *dust avalanche (*Staublawine) 


(air borne) 
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b) wet loose snow avalanches 
— *snow slides, firn avalanches 
— *ground avalanches 


II. Solid snow avalanches 
a) dry solid-snow avalanches 
(*snow slab avalanches) 
b) wet solid-snow avalanches 
(*snow-cloth avalanches) 


III. Mixed avalanches 
*stroke avalanche 


(nasse Lockerschneelawinen) 
(*Schneeschlipfe) (Firnlawinen) 
(*Grundlawinen)) 


(Festschneelawinen) 
(trockene Festschneelawinen) 
(*Schneebrettlawinen) 

(nasse Festschneelawinen) 
(*Schneetuchlawinen) 


(*Schlaglawine) 


(a combination of various kinds of snow) 


*popular denomination 


i) Draft of Snow and Avalanche Research Institute with R. Haefeli, Switzerland (1955) 
Snow avalanches: dislocation of a snow mass over more than 50 m length of track 


Snow slide 


: dislocation of less than 50 m length of track 


——$——————————————————————————— 


criterion 


alternative characteristics and denomination 


A type of rupture 


B position of sliding surface 


C state of humidity 


D form of the track 


E form of movement 


starting from a line 
slab avalanche 
(Schneebrettlawine) 


above the ground 
inside snow cover 
surface layers avalanche 
(Oberlawine) 
dry snow 
dry snow avalanche 
(Trockenschneelaw.) 
open even track 
unconfined avalanche 


(Flachenlawine) 


whirling through air 


airborne powder avalanche 


(Staublawine) 


starting from a point 
loose snow avalanche 
(Lockerschneelawine) 


on the ground 


full depth avalanche 

(Bodenlawine) 
wet snow 

wet snow avalanche 

(Nassschneelawine) 
channelled track 

channelled avalanche 
(Runsenlawine) 

flowing along ground 


flowing avalanche 
(Fliessslawine) 


a 
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The english translations of the avalanche types have been proposed by the 
British Glaciological Society, the British Alpine Club and the Alpine Skiing Club. 
With this kind help no decision has been anticipated, of course, about adopting the 
system by the mentioned bodies. 

The german terminology is based on some well introduced denominations. 
However, the term «ground avalanche» (Grundlawine) could not be incorporated 
in the scheme. It is to wide for any of the single characteristics, and is used as can 
be seen from previous classifications, mostly for describing a combined type, namely 
a heavy wet and dirty spring avalanche, following a well known track. In this sense 
the term may be carried on. 
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SNOW CLASSIFICATION 


M. R. DE QUERVAIN 
Weissfluhjoch Davos 


It is reminded, that at the Oslo congress 1948 the need for a standard snow 
classification was urged. At the Bruxelles congress 1951 a draft classification was 
presented by a three men committee and adopted by the commission of snow and 
ice, provided that this classification would be approved by the World Meteorological 
Organisation. In the negociations with WMO certain discrepancies were established. 
It appeared that WMO also was revising the terminology of precipitation (part of 
the coud atlas). In 1956 the author of this note was designated by he Association of 
Hydrology to discuss the two classifications in question with a representative of 
WMO (Prof. Bleeker) in order to get them adjusted. The result of a conference held 
in Geneva has been communicated to the Secretary of the Association of Hydrology 
and the President of the Commission of snow and ice. It is suggested to bring it 
before the commission for final approval. ° 
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GEOCRYOLOGY AND ITS MAIN PROBLEMS 
INS THESUSSR 


P. F. SHVETSOV 


1. For the last thirty years (1927—1956) a new branch of geologo-geographical 
and engineering-geophysical sciences-geocryology, has considerably developed in 
the Soviet Union. It studies: ; 

a) laws of freezing and thawing of the Earth’s crust, formation development 
and propagation of frozen soil zones and rocks (cryolite zones) under various 
physico-geographical and geological conditions; é ? 

b) characteristics of composition, structure and physico-mechanical properties 
of freezing, frozen and thawing soils and rocks; J 

c) geophysical, physico-geological, geomorphological and hydro-geological 
phenomena associated with processes of freezing, and thawing of soils and rocks; 
i d) a control of the effect of freezing, frozen and thawing soils and rocks upon 
construction, agriculture, etc. 

2. A perennial cryolite zone (permafrost) cannot be treated as a result of the 
climate only. Physico-geographical and geological conditions are of serious importance 
for the formation and development of the permafrost. 

3. The chief objective of geocryology is the study of processes of heat exchange 
between lithosphere, soil and atmosphere, as well as between ground and buildings, 
in order to work out the best types of firm constructions. 

4. Besides these problems, the Soviet geocryologists also study the following: 

a) the distribution of frozen soils and rocks; 

b) mechanical interaction between a building and freezing, frozen and thawing 
ground and methods of controlling it; 

c) physics of the cryogen processes. 


O COHEPSKAHHM HW OCHOBHBbIX IPOBJIEMAX TEOKPHOJIO“IMU 
B CCCP 


II. ®. WIsenos. 


3a mocneyHue 30 met (1927-1956 rr.) B CopercKxom Corose ccbopmuposanacn 1 
SHAMIMTCIBHO PaSBUJIach HOBAA OTpacNb reooro-reorpaduueckux u MH>KeHeEpHO- 
reousuueckux sHaHMit — reoxpuonorua. Victoxamu ee ABIIALOTCA Pe3SyJIbTAThI 
MCCI€HOBaHUM 3OHbI Mep3JIbIX TOPHbIX MOpoy Ha cepepe M BoctoKe Espasun, 
mipousBeyqeHHbix A. D. Muyyenpopdom, A. VM. Boetikopnim, JI. A. AueBckum, 
B. A. Odpyyesnm, b. B. Honsmospim, A. B. JIbpoppim, A. A. Tpuropsesnm 1 
M. VW. Cymrunpim — cospatenem u PYKOBOMMTEIICM UIKOIIbI COBETCKUX MeP3sIOTO- 
BeqOB. OcoOeHHo 3HauNTebHa pom Kpynuerliero pycckoré reocdbusuKxa A. VW. 
BoetikoBa B cbopmupoBanun TCOPETHYCCKUX OCHOB TeOKPHOJIOrMU; OH BbIpaboTan 
MepBble Hauala yueHUA O TemOOOMeHe B CuCTeme sJIMTOcepa-nouBa-aTmocipepa 
(1886, 1889, 1904). . 

B 1927 r. noapunach nepBan B MMpe CTpolHad uM MOsHaA CBOAKa TaHHbIx o pac- 
lpoctpaHeHuu, TeMMepaTypHOM pe»xKuMe HM MOUHOCTU « BeUHOTt Mep3IOTbI » (MHO- 
TOUeTHeM KPHOJIMTOSOHBI) u mpeycraBreHHA oO MIpOMCXOOK CHUM MW 3aKOHOMEpHOCTAX 
pasButua ee (M. VW. Cymrnn); ona 6nuia pasBUuTa Ha OCHOBaHWM pesysIbTAaTOB 
MCCIICOBaHU M M3bICKAHMM MIOWMAOK 1 Tpacc NO HOBOCTpOMKU WepBot u BTOpoli 
MATHICTOK WM OnNOMHeHa B (byHaMeHTAaIBHOM Tpyje COBeTCKHXx Mep3sIOTOBe OB 
« OOuyee Meps noTOBeeHHEe »» (M. YW. Cymrun, C. 11. Kauypun, H. 1. ‘ToncTuxun 1 
B. D. Tymens, 1940). B 1937 r. Our cosfaHbl « OcHoBaHua MexanuKkn Mep3JIbIx 
rpyHtos » (H. A. Iprropuu, M. VW. Cymrun), a B 1941 r. ocHognr yueHHua oO noy- 
SEMHDBIX BOMaX « Mep3IOH 3HbI WuMTocdeppl » (H. V1. Tosicruxun). 

K sTomy >Ke Bpemenu Opin pa3spaOoTaHbI HM WpoBepenbi mpousBo_CTBeHHDIM 
ONbITOM TIpMHUMMbI M cmocobpI : 

1) npeqoxpanenun HUSKOTCMMe€paTyPHBIX MeP3JIBIX TpyHTOB (CpesHeroq0Baq 

Temicpatypa He BbILIe —0°,5 C) or mporanpanun u OcaHoK MOA TeMsIOBbITe- 

TAIOTNHMM COOpy*KCHHAMM ITYTEM YCTpoOlcTBa NpOBeTpUBAeMbIX 3UMOTt bacopseeconst7 as 
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2) CTpouteNbcTBa BOAOMPOBOAOB B MepsiIbIx rpyHTax (cpequeroqoBad Temmepatypa 
He HWKe —]° C), HajlexKHaA 9KCIIyaTaluA KOTOPbIX OOecMeuMBAeTCA He TOMBKO 
NOACLPeBOM BOI, HO M OCOObIM ruypaBIMUeCKUM perKuMoM. 

B nepwoy 1942-1956 rr. cosqaubi HayaHere OCcHOBEI : 

1) MexaHukM Mep3iIbIX M OTTAaMBaIOWMX rpyHToR; 

2) crpovrenberBa coopy>xKeHMii Ha mporavBaroulux B MepMoqbI BosBeeHuA 
SKCIIyaTalluu WX €CTCCTBCHHbIX OCHOBAaHUAX ; 

3) pacuera rmyOuHbI mpomMepsaHuA NoOUBarpyHTos; 

4) TemmepatypHoro palioHMpoBaHHA MHOroseTHei KPHOMMTOZOHT; 

5) 9eKTpoMeTpuyeckoro (MeTOOM MocTOAHHOrO ToKa) onpeseneHud onemMeHToB 
3asleraHuA M COCTaBa TOMI, Mep3bIX TOPHBIX MOpoT; 

6) MOMCKOB M pasBe7OK NOAZeMHBIX BO B palioHax MHOroseTHeit KpHoMUTOSOHEI. 
Sa 9TO »Ke BPeMA CchopMUpoBasIMch COBPeMeHHIe MpescTaBsIeHuA O MOO-KeHUU 

M AMHAMUKe 1OxKHOM TpaHMUbI MHOFOsIeCTHeM KPHOJIMTOZOHbI, OCHOBbI CTPyKTYPHOrO 

Je€FOBeNeCHUA — MeTPONOTMA KOHTMHCHTAJIbUbIX JIbAOB, TEOpuA MpOMCKO*KTeHUA 

HanOoliee WIMPOKO pacipocTpaHeHHbIx 3aylexKelt TpyHTOBOrO HAA, MepBHle mpescta- 

BJICHHA O PasBUTMM WM 3HAaUeCHMYM TeCOXUMMUeCCKHX IIPOWeCCOB B Mep3JIbIX TOPHbIX 

mopoyax. 

Muoroe cyemaHo yoKe B paspaOoTKe MU MpousBO_CTBeHHOM MpoBepKe cmocob0B 
MCKYCCTBEHHOTO MpoMOpayxKuBaHHA WM WpoTavBaHuA CpyHToOs. 

Teokpusiorua B ee COBpeMeHHOM Bue MpecTaBAeTcA Ham yueHuem 
1) 0 3aKoHOMepHocTAXx NpoMepsaHuA UM MpoTaMBaHUA 3eMHOi KOpbI, POpMUpOBAHUA, 

PpasBUTHA M pacnpocrpaHeHuA 30H Mep3iIbIX NOYB WM TOpHbIX MOpom (KpHomM- 

TO3OH) B xoye TerI00OMeHa B CucTeMe jMTOCtepa — mouBa — aTMocdepa pu 

Olnpej{eIeHHbIX (bu3uKO-reorpaduueckux MU TeouOrMueCKUX YCIOBMAX 3 
2) 06 ocoBeHOcTAX cocTaBa, CTPOCHHA, CIO*KeHUA UM (PUSMKO-MeXaHMUeCKUX CBOMCTB 

MpOMep3arollux, Mep3JIbIX HM MpOTaMBaroluwu4x MOUB WM TOpHbIx MOpor; 

3) 0 reocbusuueckux, (bu3MKO-reoslormuecKkux, TreomMeptbonormuecKux M THApo- 
PeOIOPHYeCKUX ABJICHHAX, CBASAHHbIX C IIpoleccamMu MpoMep3aHuA, mpoTan- 
BaHUA MU U3MCHEHHAMM TemIepaTypbI MOUB HM TOpHbIX Mopoy u 

4) 0 mpuemax ynpaBneHuA poleccaMM TelIOBOrO, BsJIaxKHOCTHOrO M MexaHi- 
YeCKOFO B3aMMOJeMCTBUA MpOMepsarOIMxX, Mep3IbIX HM TpoOTavBarolulux MOYUB 
M YOPHbIX MOpow C pesyJIbTaTaMH MPOUSBOACTBeEHHOM eATeNbHOCTH sJHOTeH 
(CoopyxKeHHAMM, TOPHbIMM BbIpaCOTKaMH, MaWIHAMM, KYJIBTYPHbIMH pacrTe- 
HUAMM, MCKYCCTBCEHHbIMM BOOeMaMH VM Tp.). 

B TakoM NOHMMaHMM COyep>KaHuA reoKpHosOruu (Mep3sOTOBeMeHuA) HET HUYErO 
OPpHrHHaJIbHOrO, IpMHaIexKalyero OHOMY JIMIY; OHO COCTaBJIANIOCh 3HaUMTeJIBHOM 
yacTbio KouWIeKTuBa Mucruryta MepssoTroBeneHua um. B. A. OOpyueBa Ha mpoTsa- 
weHuu 15-16 nocneqHux meT. B Mep3smoTroBeneHuu mpoucxoguT celuac IpumMepHo 
TO 2Ke, UTO NPOMCXOAMIO B MOUBOBeCHUM B MoceqHeli ueTBeptH XIX cromerua : 
MHOrMe U3 Hac BCe Goee HACTOMYMBO 3aAHBIAIOT O HeOOXOMMMOCTH WM Ha CIIOBAaX 
BbIMTM 3a MPeMeIbI USyYYeCHHA COCTOAHMA, CBOMCTB, MOLWHOCTH M pacimpocTpaHeHuA 
OMpeWeIeHHOM TeOSOHbI, 3aHATbCA MCC EMOBAHHMeEM COCTaBa, CTPOCHMA, MPpOMCxorK- 
JI€HMA MM HelpepbIBHOM CMeHbI CocTOAHMI — pasBurua ee. Ha qeme MbI yoKe WiarHysu 
asIeKO B ITOM HanpaBJICHUM, NOM BIMAHUeM MOTpeOHOCTeH TeXHU4eCKOrO Mporpecca 
B CTPOHMTeJIbHOM MpOMSBOACTBe B TOPpHOMOOHIBAaIOMeH MPOMbILMIJICHHOCTH. 

Ko spemeuu roOumeiinoit ceccun Vucrutyra mepsnotopegenua umenu B. A. 
OOpyyeBa (gexaOpp 1945 r.), oTMeuaBUIeH NMATHaMMaTuseTue CyijecTsoBaHuA 
akaJIeMMUeCKOrO Hay4HO-MCCIeqOBaTebCKOrO yuperyKTeHWA MO M3yueHHIO MHOrO- 
jleTHeI KPHOJIMTO30HBI, Obi yoxKe octaByeH (M. VM. Cym runpim, U1. A. Bapano- 
ppm, B. A. Kyagpanyespim, H. UW. Toncruxunem u B. K. Anosckum) Bompoc o 
pasBuTuM, « TMHaMuKe BeUHOM Mep3sOTEI ». Cama MOCTaHOBKa 9TOTO BoMpoca 
TpeOoBayla cepbesHOro MepecMoTpa BarKHeMINAX MONOKeHUM Mep3iIOTOBEHeHUA O 
TOM, UTO « BeUHAA Mep3sIOTa » — MpOAYKT KIMMaTa MU Haciieyque JICHAKOBOM 
9n0xH. 

JleiicrsurenbHO, Mp TakKMX B3rNAWaX Ha MpOMCxXOPKMeHuNe MU YCNOBUA pasBUTuA 
« BeCUHOM MepSIIOTHI » OHA OKASbIBaIaCh UCM-TO BHeIMHAM MU MOCTOPOHHMM 110 OTHO- 
WIeHUIO K 3eCMHOM KOpe, HaBAZAHHOM JMTOCdepe cBepxy B NepHMoy Ole qeHeHuA, 
pesyJIbTaToM KaTacrpodbbl. « BeuHan Mep3sioTa », MpPOHMKUIaA B 3CMHY!O KOpy BO 
BpeMA KaTacTpodbr — osleeHeHUA cyuIM, Morma OyTO ObI pasBUBaTbCA TOJIbKO 
B OJ[Hy CrOpoHy — erpaqupoBatb BCIeEACTBUe MOTeIVICHUA KIIMMaTA. OTHM CcaMbIM 
Kak ObI He NPVH3HaBasIOCch TePMOAMHAMMYeCKOe CaMOpasBUTHEe MOUBbI U murocdepbl. 

IIporup Takux cyKeHuit, MpeyMeCHbIMaBIIMX BO3MO7KHOCTH MCKYCCTBCHHOTO 
U3MaHeHUA TeMMepaTypbI WOAMOUBbI B HY2KHOM [JIA NpOMSBO/ICTBa HalipaBsicHny, 
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Beneg 3a. M. VW. Cymrunpim u B. K. AHopckum oOocHoBaH HO uM G6osIee peumMTenbHO 

BEictynumu B. A. Kyapasyes u YW. A. Bapanos (1947-1951 rr.). 

MuoroseTHIOIO KPHOJIMTOZOHY (BeuHyIO MepsnoTy, Permafrost) Hemb3a paccma- 
TPHBaTh Kak MpOAYKT KIMMaTa, MOHMMaA MO MOCHeHMM TO, UTO PeKOMEHyIOT 
MOHUMATb MHOrMe M3BecTHbIe KIMMaTosoru (A. M1. Boetixos, B. II. Amucon u pp.). 
B 1951-1955 rr. coperckue reokpuonorm ccbopMymMpoBanM mono%xKeHHe : Mep3JIble 
30HbI 3CMHOM KOPbI CCOPMUPOBAHCh B pesyJIbTATe U paSBUBAIOTCA B XOe TeMNI000- 
MeHa B cucTemMe s1mTochepa — TlouBa — atmocdepa (HM MMpoBoe MmpocrpaHcTBo) 
pH OMpeesIeHHbIX (pu3suKO-reorpaduyeckux M reouorMyuecKux ycnoBuax. Kaumar 
— JIMUIb OHO U3 yCHOBMM U, BMECTe C 9THM, MpOYKT TemI0- M BaroOOMeHa B yKa- 
3aHHOM CHCTeMe M B CHCTeMe CJIOM BOAbI — aTmMocdepa, pu HarwunN ayBeKiun. 

B cBxA3M C HOBBIMM BbIBOJaMH O MPOMCXO*KAeHHU, YCNOBUAX CyueCTBOBaHHA 
M pasBUpHA Mep3JIOH 3OHbI JMTOCdepbl, BOSHUKIA HAaCTOATeNbHAA HeEOOXOAMMOCTH 
B yTOUHCHHM HCTOPHM 3HaHUi U MOHATHI Me€P3JIOTOBEOB, B MOMCKax COOTBETCTBY10- 
UJMX COB WIA Oomee TOUHOTO BbIpaxKeHHA NOHATUHIL. 

K AocrwkeHHAM TeOKPHOJIOrHH MOKeT ObITbh cueqOBaIO Obl NpHUuMcHUTE u 
MOABJICHMe NepBbIX OCHOB yUeHUA O TerIOOOMeHe B CucTeMe jMTOCdbepa — NOUBA 
— aTMocdepa, KOTOpbie He NOABMJIMCh AO CHX Op HH U3 Hep MeTeoponoruu, HU 
M43 Hefp reorepmMuKu. Ileppaa uz 9Tux oTpacmeit reodusuKu — _ MeTeoposorma 
MicciefyeT TeOOOMeH MOACTMAIOMUeli MOBepxXHOcCTH c aTMOcdepoii (Hu MMpOBbIM 
MIpOCcTpaHCTBOM), B TOpax, T.e. reorepMHKa — pasBuTue TemnepaTypHoro MoMA 
mMTOcHepbI HWKe COA C WepeMeCHHbIMM B rosy Temuepatypamu. Temio — u Bmaro- 
OOMeH CJIOA C CCSOHHbIMM H3MCHCHHAMUM TeMMepaTypbI MpeACTaBIIALOT COGOIO BeECbMa 
CHOKHbIM, HO 3aTO M MCKJNOUMTeENIbHO MHTepecHbIit c HayuHolt u WpakTuueckon 
CTOPOHbI OOBeKT reodusnKu. 

Yuenue o TenooOMeHe B cucTeMe sIMTOCtbepa — nouBa — aTv.occbepa OCHOBBI- 
BaeTCA Ha NpWHUMGMAaX, TeOPeTMYeCKUX WM IKCMEPUMEHTAJIbHbIX WOCTWOKeCHUAX Kak 
TEPMOJMHAMUKM, Tak WM yueHHA O Tensomepegaue. IlocneyHee, monosmuBuMcE 
TIPHHIMNOM TepMOBJarONPOBOMHOCTH, pasBUBaeTcA ceiiuac (Kak UM pene pas- 
BUBaJIOCh) B CBASH C PelI€HVeM MHXKeHepHO-TeXHMUeCKUX salad MB yupenxkqeHuAx 
TCXHMUCCKUX HayK. 

Teoxpuonorm dbusuueckoro M MH>KepHepHoro HampaBsieHuit B GmmKaiiume TObI 
CMOryT, BHIMMO, CO3]{aTb IIpOUHbIeC OCHOBbI yUeHHA O TemNOOOMeHeE B cUcTemMe 
iMTocdbepa — nouBa — aTmocipepa, uem oGoraTaT camoe TeOKPHONIOrHIO, a TaKoKe 
oOmly1o reodusuKy. 

Tnannoi u HanOomee oGmeit s3anaueit TeOKPHONOrHM Ha COBpeMeHHOM 9gyTarie 
PasBUTHA Ce ABIACTCA BCeEMepHoe yrylyOMeHMe M pacuIMpeHue TeoperMuecKuXx uM 
SKCHeEPpUMCHTaJIbHbIX UCCIeqOBaHu MpoueccoB uM ycNOBUii menso-u maccoobmena 
6 cucmemax aumochepa — nouma — ammochepa u epyuym — coopyorcenue, TIA BbI- 
ABIICHUA HOBBIX CHOCOOOBM OL|CHKM KaxK{OrO M3 USBECTHBIX IpHeMOB obecneueHUA 
YCTOMUMBOCTH COOpy*KeHHii M UCKyccCTBeHHOrO MpoTauBaHna TOpHbIX Mopoy 3a cuer 
€CTCCTBCHHBIX HCTOUHHKOB Tella B PasHbIx cbu3sukKO-reorpadbuueckux u reouOrH- 
ueCKMX YCJIOBMAX. 

Kpome HasBaHHOM BaKHeliMeli mpoOsemMbI coBercKHe TeOKPHONOrM pelwlalor 
elle cilenyrouywe Tpu : 

1) OcHoBHEIe 3aKOHOMepHOCTH MM permonaBHBIe ocobeHHOerHU B pasBuuTuu uv 
PacpocTpaHeHHM Mep3JIbIX MOYUB M TOpHbIX Mopoy. Cynyocts pemenna Tmpo- 
ON€Mbl COCTOUT B paCKpbITHH 3aKOHOMepHOcteli cbopMupoBayuaA uw pasBuTua 
30H M€p3JIbIX TIOUB WM POPHbIX NOpOA UM UX MpakTMUeCKOrO 3HAUeHUA B mpefemax 
BaKHbIX B HapOHOXO3AMCTBEHHOM OTHOMICHUM paitoHoB. 

2) dusuka KpMoreHHBIx mporeccos u pMpofa MpOuHOCcTH Mep3sIbIX u OTTAaNBarO- 
U[MX TPyHTOB. SuaHue (busMueckoii cyuHOCTH mporeccoR TIpoMep3aHua wv 
potauBaHuA TpyHTOB M 3aKOHOMepHOCTel usmMeHeHUA TOKasaTeneit npowHocTn 
MX HEOOXOAMMO JIA pemeHuA 3aau TenNOBOIt MeJIMOpauMM M OCHOBHBIX TeopeTu- 
UeCKUX 3ayay OOMe U HH>KeHeEpHO reoKpvosoruu. 

3) Msyuenue HePopMaTuBHO-HaNpsKeEHHOTO B3aMMOselcTBUA COoOopyoxKeHuA- Cc 
TIPOMEp3arOllM, Mep3JIbIM M OTTAMBaIOUIMM TpyHTOM UM yupaBseHMe 9TUM B3aHMO- 
AelictBuem. Hameuaetca BbIABMTh OCHOBHBIe 3aKOHOMEPHOCTH paOoTbI HAA U 
Mepsi0ro rpyHTa KaK Cpe/{bI, OCHOBaHMA M MaTepwasia pasMUHDIx coopy>KeHHit. 
SuHauTeMbHbIe Ward B pelwieHun sTux mpoOsem yoxe cyenanpr. Tlocne mune 

AOCTIDKCHUA COBETCKUX TEOKPHOJIOOB OTParKeHbI B KOJUIEKTUBHOM Tpyae « OcHOBEI 

TEOKPHOJOLUM >, KOTOPbIii Oy eT, MbI Hayleemca, OnlyOMKOBAaH B 1958 Fr. 
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GLACIOLOGICAL STUDIES ON AUSTERDALSBREEN, 
NORWAY, 1955-57 


MEMBERS OF THE CAMBRIDGE AUSTERDALSBRE EXPEDITION 


ABSTRACT 


__A glaciological programme has been started on Austerdalsbreen, one of the 
distributary glaciers from Jostedalsbreen, Norway, with the aim of investigating 
ice flow at the foot of a large ice fall and the process of ogive formation. In 1955 
gravity measurements of glacier depth were made; we also excavated a tunnel in 
the ice at the foot of the ice fall and surveyed its subsequent deformations. In 1956 
detailed measurements were made of the deformation of the glacier surface, and a 
pipe was inserted into the ice in order to measure glacier flow at depth. We are 
continuing these studies in 1957. This paper reports the present state of the 
investigation and gives some preliminary results obtained from the surface deformation 
programme. 


INTRODUCTION 


When a glacier plunges down an ice fall, it produces at the bottom a series of 
undulations or waves running across the glacier. Further down stream these undulations 
give place to light and dark bands, which, as a result of the differential flow of the 
glacier, get pulled out into the well-known ogives or Forbes bands, noticed over a 
century ago by J. D. Forbes and used by him to demonstrate the existence of diffe- 
rential flow. Recent developments in the theory of glacier flow have helped us to 
understand many of the features exhibited by glaciers, but the undulations and the 
light and dark bands are not yet satisfactorily explained. One of the principal aims 
of the Cambridge Austerdalsbre Expedition has been to find out as much as possible 
about the nature of these features and their mode of formation. 

For this purpose we need to study the shape and size of the undulations and their 
geometrical relationship to the light and dark bands. We also need to measure the 
surface strains and the ablation of the ice in the regions where the undulations are 
formed, where they mature and where they die away. If the surface strains are to be 
interpreted to the best advantage, it is also most desirable to know how the glacier 
is deforming at depth. 


WORK OF THE EXPEDITION, 1955 


The glacier selected for study was Austerdalsbreen, one of the distributary 
glaciers from Jostedalsbreen, the large ice cap in Western Norway. Two large ice 
falls known as Odinsbreen and Thorsbreen drop some 700 m. from the ice cap to 
a low valley. The glacier which they then form (Austerdalsbreen) shows all the pheno- 
mena of undulations and Forbes bands very well, and is also reasonably easy of access. 

The main results of the 1955 field season have already been published (*) (°). 
First, the depth of ice in the more regular part of the tongue was determined by a 
gravity survey. This showed that the thickest part of the glacier, of depth about 
100 m., lay near the snout; nearer the ice falls the depth fell to about 80 m. Second, 
a tunnel, 44 m. long, was dug horizontally into the foot of Odinsbre ice fall (where 
the surface slope was about 26°) to study the glacier flow at depth. We found that, 
as well as being carried forward by the glacier flow and being rotated, the axis of 
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the tunnel was being bent upwards, as in an active anticline; in addition the ice of 
the tunnel walls was compressing axially. The observation of bending shows that 
the strain-rates, and hence presumably the stresses, are not constant over the region 
of the tunnel; while theaxial compression of the tunnel, together with strain measure- 
ments on the surface of the ice fall above the tunnel, show that a compressive stress 
must be acting along the line of flow of the glacier; its magnitude can be estimated 
as 3.1 bars. 


WORK OF THE EXPEDITION, 1956 


The work of the 1956 field season has not yet been published and will be briefly 
described here. The main projects were (a) the insertion of a pipe to measure glacier 
flow down to the bed of the glacier, and (5) a detailed study of the undulations and 
their motion. 


(a) Insertion of the pipe. The pipe was inserted perpendicular to the surface, 
at the same region of the glacier as was used for the tunnel in 1955, that is, at the 
foot of the Odinsbre ice fall and at about the top of the region in which the undula- 
tions can be clearly identified. It was of aluminium alloy tubing of internal diameter 
7.6 cm. (3 in.) and fitted with an electrically heated tip. When it had penetrated to 
a depth of 39 m. further heating had no effect and the tip is presumed to have reached 
rock. Whether this rock is the bed of the glacier is not certain, but rough calculations 
of the depth, based on the gravity depths measured lower down on the glacier tongue, 
make it reasonable to suppose that bedrock has been reached. The slope of the pipe 
at various depths was measured at the end of the 1956 summer season with a special- 
ly constructed inclinometer, and when a second set of such readings has been 
obtained it will be possible to compute the velocity profile of the glacier. Unfor- 
tunately a party which returned to the site in January 1957 was unable to find the 
pipe beneath the deep snow. 


(b) Study of the undulations and their motion 

(i) Geometrical features. The general appearance from a vantage point on the 
valley side is of two series of undulations, one from each of the two ice falls, which 
coalesce after about the first wave to form a single series. We made a special study 
of the series which starts at the foot of the Odinsbre ice fall. 7 troughs and 7 crests 
can be distinguished before the waves die away. The maximum amplitude, measured 
perpendicularly from the average surface of the glacier, is 5.8"m.; the wavelength 
from crest to crest diminishes from 180 m. to 75 m. as one goes down glacier: the 
initial wavelength is thus 32 times the initial amplitude. We may also note that, 
if the depth of the glacier is estimated by assuming that the pipe has reached bedrock, 
the initial wavelength is 4.6 times the depth of the glacier. 


(ii) Relation between wavelength and annual movement. The summer velocity 
in the region of the undulations was measured by theodolite observations at a number 
of points both in 1955 and 1956. The annual movement of the glacier, calculated with 
the summer velocity, varies considerably from point to point but is nevertheless 
everywhere equal (+ 5°) to the wavelength of the undulations. 


(tii) Surface deformations. Our main object was to study the role played by plastic 
deformation in the formation of the undulations, and in particular to test the theory 
which has often been put forward that the crests are caused by a longitudinal com- 
pression or buckling. For this purpose 23 stakes were placed in a row at intervals 
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of 30 m. down the main longitudinal axis of the wave system — starting in the lower 
part of the ice fall and extending through the first two and a half waves, a total 
distance of 630 m. The distances between successive stakes were measured by steel 
tape at four different times over a period of 28 days, and in this way a curve was 
obtained showing the longitudinal strain rate £, as a function of x, the distance 
down the glacier. In work of this type spurious strain-rates can arise from the reboring 
of the stakes (which was frequently necessary) and from the different inclinations 
to the vertical of the different stakes. We took great care to measure these effects 
and to allow for them in the calculations. By internal checks the accuracy in ¢, is 
estimated at + 0.01 yr—!. 

The broad result is that in the area covered by the stakes there is an average 
longitudinal compressive strain-rate of the order of 0.5 yr—!, but, more interestingly, 
the strain-rate is very far from uniform over the area. Its highest value, 1.57 yr—! 
(compressive), occurs at the topmost stake interval. At a point only 120 m. lower 
down the glacier the strain-rate has fallen to 0.03 yr—1 (compressive). As one moves 
further down glacier the strain-rate oscillates several times, rising to 0.80 yr—! (com- 
pressive) and falling once more to 0.02 yr—! (tensile) before levelling off to 0.31 yr—! 
(compressive) at the lowest point of the line of stakes. The reason for this behaviour 
is discussed in section (vi) below. 


(iv) Velocity distribution in the wave system. We measured the vertical velocities, 
both absolute and relative, of all the stakes in the wave system, and, by combining 
the measurements with those already described, we have caiculated the absolute 
horizontal and vertical velocity components of all the stakes. It appears from these 
measurements that the upper layers of the ice move along comparatively smooth 
streamlines, which, when seen in profile, are deflected only slightly, if at all, by the 
undulations of the surface. In other words, the stream lines at the surface are much 
smoother than the surface itself. 


(v) Strain-rate tensors. In addition to the above measurements on our main line 
of stakes we made complete determinations of the rate of strain tensor at five 
points on the main line. By placing stakes at the four corners and at the centre of 
each of five squares and measuring the subsequent distortions, the principal strain-~ 
rates were found to within + 0.004 yt—! and their directions to within -+ 0.4°. In all 
five cases the maximum tensile strain-rate was perpendicular to the average direction 
of the crevasses present, in agreement with theory. 


(vi) Theory of the strain-rate distribution. If the crests are formed by a longitudinal 
compression or buckling, we ought to find that the longitudinal compression rate 
is high at the crests and low at the troughs. No such correlation exists in our measure- 
ments. Nor are the crests rising and the troughs falling relative to their surroundings. 
We can only conclude, then, that a buckling process, if it occurs at all, does not take 
place in summer at the foot of the Odinsbre ice fall. 

Nevertheless, as mentioned above, we do observe very considerable oscillations 
in the longitudinal strain-rate over the wave area, and these oscillations have been 
a most puzzling feature of the investigation. The following theory, which will be 
described more fully elsewhere, now seems to offer a consistent explanation of the 
observations. 

When a glacier moves over a part of its bed whose curvature is changing the 
ice must bend about a horizontal axis. If the bed becomes more convex, the upper 
layers of the glacier will extend longitudinally and the lower layers wil! compress. 
If the bed becomes more concave the opposite strains will occur. The important 
points are, first, that this effect depends on the rate of change of the curvature x 
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of the bed, that is, on dx/dx, and not on x itself, and, second, that the strain-rate 
‘x from this cause changes sign through the thickness of the glacier. A theory has 
already been developed (*) which gives the dependence of the longitudinal strain- 
rate ¢x on x itself and on the rate of ablation (equation 36). The strain-rate from 
this cause, unlike the strain-rate arising from dx/dx, is uniform through the thickness 
of the glacier. In the derivation in ref. (*) it is postulated that dx/dx is small. It is 
now proposed to add to the theoretical expression for ¢x a new term, proportional 
to dx/dx and based on the above considerations, which will take account of cases 
where dx/dx is not small. The proposed expression, which will not be fully derived 
there, is as follows: 

; La ayene OC 
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where ¢, is the longitudinal strain-rate at the upper surface of the glacier (positive 
when tensile), w is the mean velocity of the glacier, x the curvature of the bed (positive 
when convex), «% the slope of the surface, h the depth, @/ the rate of accumulation 
(negative if ablation) and ¢, the transverse strain-rate (positive when tensile). 

To test this expression on the present observations it is necessary to know the 
rate of change of curvature of the bed. On the present theory the form of the bed 
is closely similar to that of the streamline at the upper surface, and fortunately we 
have measured this. All parameters in the expression for ¢, are therefore known, 
and one may compare directly the theoretical distribution of €x with that observed. 
Considering that there are no adjustable parameters in the theory the result is very 
satisfactory — the general form of the two curves is similar, and the maxima and 
minima of the observed curve are all present in the correct positions (within 15 m. 
except for one case) in the theoretical curve. The magnitudes of the oscillations in 
the theoretical curve agree with those observed to within a factor of 2. One sees 
from the comparison that the observed longitudinal strain-rate is predominantly 
due to two terms: a steady compressive term of magnitude about 0.4 yr —! arising from 
the general concave nature of the bed at the foot of the ice fall, and an oscillatory 
term of magnitude about + 0.2 yr—! which arises from dx/dx as just discussed. 

The essential content of this part of the work may be epitomised by saying that 
we have established a connection, both experimental and theoretical, between the 
form of the surface streamline and the distribution of ¢. 

The position we have now reached in the argument is that the strain-rates at 
the foot of the icefall have been measured and found to be irrelevant to the process 
of wave formation; they are in fact produced predominantly by the form of the bed. 
We must therefore search for the process of generation of the waves elsewhere in 


position or time, and, in particular, we are led to enguire about conditions higher 
up the icefall. 


. 


(vii) Velocity distribution in the ice fall. During the 1956 field season photographs 
of the Odinsbre ice fall were taken twice daily. The series of still pictures so produced 
has subsequently been made into a cine-film to show the movement of the ice, and, 
by direct measurement of the photographs the velocity distribution in the ice fall 
in summer has been roughly determined. We also have the theodolite measurements 
of velocity at the foot of the ice fall mentioned in (ii) above. It appears that the 
summer velocity of the ice increases from 640 + 100 m/yr at the top of the ice fall 
to 1100 + 100 m/yr in the middle, and then decreases to 400 + 15 m/yr near the 
bottom. The ice is thus extending longitudinally in the upper part of the fall and 
compressing longitudinally in the lower part. This picture of the motion accords 
with the appearance and location of the seracs in the ice fall. 

The very high velocity measured in the ice fall means that a piece of ice starting 
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from the top would be nearly at the bottom after one year, and after 1.5 years it 
would be at the position occupied in August 1956 by the first trough at the foot of 
the ice fall. The discovery of this high velocity has led one of us to propose the follow- 
ing theory for the generation of the waves. 


(vili) Theory of wave generation. The net annual ablation of a glacier at the 
firn line is zero. Below the firn line the net annual ablation increases and, according 
to the usual picture of glacier motion, and if the glacier is in a steady state, the 
velocity of the ice normal to the glacier surface is just such as to keep the surface 
in a fixed position. In this picture one is usually able to assume, with negligible error, 
that the net annual ablation only changes slightly in a distance equal to an annual 
forward movement of the ice. In the present case, however. this last condition is 
far from being satisfied. The firn line is situated at the top of the ice fall. According 
to our measurements of summer velocity, the ice at the firn line moves in one year 
a distance of 900 m. down the glacier surface and at the same time drops 460 m. 
in altitude. The net annual ablation over this distance changes from zero (at the 
firn line) to about 5 m. This being so, the sections of the glacier which pass the firn 
line at the beginning of winter and the beginning of summer are exposed to very 
different melting (and other) conditions. It is not necessary to make any more detailed 
analysis to conclude that surface undulations should be formed. Their spacing 
should be everywhere equal to the annual movement and their initial amplitude 
should be comparable with the net annual ablation. Both conclusions accord with 
our observations. 


Continuing this line of thought the following picture of the processes at work 
has been put forward, with the reservation that, since the experimental and analytical 
work is still in progress, conclusions must, for the time being, remain provisional. 
In summary, then: (a) The undulations are formed by the abrupt change of ablation 
which the glacier suffers as it moves down the ice fall, as described above. (b) The 
undulations are then accentuated by the general longitudinal compression in the 
lower part and at the foot of the ice fall. (c) At the same time the waves tend to 
flatten themselves by preferential melting of the crests. This effect shows up very 
clearly in our measurements: the summer rate of melting of the first few crests is 
30% higher than the rate for the troughs. 


(ix) Relation of the undulations to the light and dark bands. The light and dark 
Forbes bands become distinct and measurable precisely at the region where the 
surface undulations become indistinguishable. We have tried to find the geometrical 
relation between them by taking photographs of the Forbes bands from high up 
the vailey wails, with control marks on the ice itself. The dark bands appear, by 
extrapolation, to emanate from points which are slightly (0.1 -: 0.2 of a wavelength) 
down glacier from the crests. 


OTHER ACTIVITIES 


In addition to the work outlined-above, several other related programmes 
have been carried out, either by the Cambridge expedition or by associated expe- 
ditions from Nottingham University, Brathay Exploration Group and elsewhere. 
Measurements have been made at points where ice runs close to the rock wall without 
intervening moraines, to determine the rate of flow of the ice past the rock. The 
velocity is quite large, being 100 m/yr only 1.2 m. from solid rock at one point. 
This is an appreciable fraction of the velocity of the ice in the centre of the glacier. 
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Measurements of snow banding in crevasses have been made in the accumu- 
lation area of the glacier, and maps have been made of the glacier and of the morai- 
nes below its snout. A levelling survey has been made up the valley from Veitas- 
trondsvatn, a lake into which the outflow water of the glacier runs some 14 km. 
below the snout, and echo-soundings have been made in this lake to discover its 
bottom profile. These other projects will be reported in detail elsewhere; one paper 
has already been published on deformation of ice beneath boulders (4). 

The activities of the Expedition are not yet finished. It is hoped to make further 
measurements on the stake system and on the pipe in the summer of 1957. For this 
reason we emphasize once more that the conclusions drawn from the behaviour 
of the stake system must be regarded as tentative, and subject to modification in the 
light of further data. 
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RADIATION MEASUREMENTS 
ON THE GREENLAND ICE CAP 


M. DIAMOND and R. W. GERDEL 
U. S. Army Snow, Ice and Permafrost Research Establishment 


ABSTRACT 


Measurements were made of global and net radiation during the summer of 
1955 at a site on the Greenland Ice Cap located near 78° N. latitude and at an elevation 
of 6800 ft. Only 15% of the total incident global radiation was absorbed by the snow 
cover and diffuse sky radiation amounted to only 19% of all incoming global! radiation. 
Incident global radiation was reduced by 6% in the presence of a 0.5 cloud cover 
and under full overcast conditions the snow surface received 65% of the global radiation 
measured on clear days. The long-wave radiation balance was always negative. 

The heat balance of the snow cover during the 1955 summer as computed from 
the radiation measurements and a temperature profile in the snow was found to be 
7.6 ly/day at the Ice Cap site. 


INTRODUCTION 


North of 75° the sun is continuously above the horizon from the first of May 
to the last of August. In June and July the Arctic has a potentially greater supply 
of solar radiation than any other area in the world. The reflection of radiation from 
the snow and ice cover, which may amount to more than 85% of the incident radiation, 
decreases the solar energy available for melting, thus aiding in the perpetuation of 
the extensive ice caps and snow fields. On the other hand the large amount of 
reflected radiation may provide an additional supply of thermal energy for applied 
use in the Arctic. 

Any efforts to apply a heat budget balance to the problem of distribution, 
accretion, and ablation of the snow cover, ice caps, or glaciers requires quantitative 
information on solar and terrestrial radiation. Reliable information on available 
solar radiation is also needed as a basis for determining the applicability to the 
Arctic of some of the promising recent developments in applied use of solar energy. 

The high ice cap in north-central Greenland provides an almost ideal Arctic 
site for radiation measurements during the summer months. The level snow surface 
extends circumferentially to the horizon. The almost constant wind movement of 
snow maintains a surface with a high albedo. The persistent low temperature and 
absence of melting at this location eliminates some of the problems associated with 
the measurement of radiation and the derivation of a radiation heat budget in a 
more temperate climate. These advantageous conditions were utilized during the 
summer of 1955 to obtain a series of radiation measurements which provided infor- 
mation on the following parameters: 

1. Global radiation (combined solar and diffused sky radiation) on a horizontal 
surface. 

2. Global radiation hemispherically reflected from the snow surface (albedo). 

3. Diffuse sky radiation with the solar disk occulted. 

4. Incident solar radiation on a surface normal to the sun. 

5. Net all-wave radiation in the 0.3 to 300u range. 
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INSTRUMENTAION 


Instruments and recorders were installed during the summer of 1955 at a per- 
manent military station located on the Greenland Ice Cap approximately 200 miles 
east of Thule, near 78° N. latitude. The elevation of this station is about 6800 ft. 
A light-weight tubular aluminum tower about 8 m high was erected to support meteo- 
rological equipment, including some of the radiation-measuring instruments used 
in this study. Othe: radiometers and pyrheliometers were mounted on 4-ft high supports 
in the vicinity of the tower. 


Incident global radiation was measured with a 10-junction Eppley hemispherical 
pyrheliometer mounted with the thermopile target facing the zenith. 


Reflected global radiation was measured with a 10-junction Eppley hemispherical 
pyrheliometer mounted with the thermopile target facing, and in plane parallel 
with, the snow surface. 


Normal incident radiation was measured with an Eppley normal incident pyr- 
heliometer installed on a manually operated altitude-azimuth mount which permitted 
adjustment of the thermopile target normal to the solar disk each time a measurement 
was made. 


Diffuse sky radiation was obtained at appropriate intervals by momentarily 
occulting the sun so the target of the pyrheliometer used for global radiation received 
no direct solar radiation. 


Net all-wave radiation, which is the difference between the total incoming global 
and long-wave radiation and the total reflected global and outgoing long-wave 
radiation. was measured with an aspirated Gier-Dunkle net hemispherical radiometer. 


Fig—{- — wen LS) instrumentation at Site 2 where the radiation measurements 
were made. 
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Fig. 2 — One of the Eppley total Fig. 3 — Gier-Dunkle radiometers for 


hemispherical pyrheliometers (fore- hemispherical measurement of 
ground) and the Eppley normal total incoming all-wave radiation 
incident pyrheliometer — (back- and net all-wave radiation, as 
ground), shown as installed at the installed at the Ice Cap site. 


Ice Cap site. 


Recording of data 


The hemispherical pyrheliometers used for incident global and reflected radi- 
ation measurements and the net radiometer used for all-wave 1adiation measurements 
were connected to recording potentiometers to provide a continuous strip chart 
record. Measurements with the normal incident pyrheliometer were made several 
times each day using a manually operated potentiometer. 

Photographs of the installation at the Ice Cap research site are shown in 
Figures 1, 2, and 3. 


RESULTS 


Incident and reflected global radiation and net all-wave radiation as tabulated 
from the recorder charts, are included as an appendix to this repoit. These data 
served as the basis for the development of those sections of this report which deals 
with specific phases of the radiation investigations. 


Global radiation 


The total daily incoming global radiation and the amount absorbed by the 
snow surface, computed from the difference between the incident and reflected global 
radiation are plotted in Figure 4. For comparison purposes the mean daily cloud 
cover is included in this figure. The total global radiation incident on the snow 
suiface from 6 July to 7 August 1955 inclusive was 20, 628 ly*, and of this amount 
only 3059 ly, or about 15%, was absorbed at the snow surface. At the end of the dark 
winter period, the temperature of the snow cover was below —30°C and the atmos- 
pheric temperatures were consistently below freezing. Therefore, the small gain of 
heat from global radiation during the entire daylight period, even if there were no 
loss by long-wave back radiation, would be insufficient to permit any ablation at 


* | langley (ly) = 1 cal/cm?. 
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this site, except for a minor amount of direct sublimation to the air. As shown later 
(see «Heat balance of the snow cover»), not more than 8% of the 3059 ly net gain 
in global radiation, or about 1% of the total incident global radiation, was retained 
by the surface layers of snow during the 33-day period covered in this study. 


Albedo of Snow 


The amount of incident solar radiation which is absorhed by a snow cover 
depends on the reflectivity or albedo of the snow surface. Some of the factors which 
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affect albedo are surface roughness, melting, refreezing of melt water, and the 
presence of contaminants. Most of these factors are associated with the age of the 
snow surface since the time of the last storm. The snow cover in the central portions 
of the Greenland Ice Cap is not subject to melting or contamination, and because 
of continuous drifting the surface is always relatively new. The continuous drifting 
and erosion produces a patterned suiface which does appear to affect the albedo. 

The albedo, A, of a surface is defined as the ratio between the reflected radiation, 
Tr, and the incident radiation, /; 


A = Ir/I (1) 
and the radiation absorbed by the snow cover, Ig, is 
Lee Tlie A), (2) 


Since albedo is not measured directly, errors in the observed values of J and Jp will 
yield incorrect values of R. Hubley (1955) observed a diurnal varation in the albedo 
of a melting snow cover, which he ascribed in part to changes in sun angle. Eckel 
and Thams (1939) found no dependence of the albedo of the winter snow on solar 
altitude. In a later study, Prohaska and Thams (1940) found that the diurnal vari- 
ation of albedo was largest with air temperatures above freezing and almost negligible 
with air temperatures below freezing. 

During the period 6 July to 7 August 1955, when albedo measurements were 
made at the Ice Cap site, air temperatures were always below 0°C and there was no 
visible evidence of melting at the snow surface. Skies were mostly cloudy; there 
where only 4 days with the cloud cover less than 0.5. Drifting or blowing snow 
occurred almost every day. 

The daily values for albedo computed for all the hours of record are presented 
in Figure 5 and the mean hourly values for albedo under cloudy and clear skies, 
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Fig. 5 — Daily albedo of snow cover. Greenland Ice Cap, at 6800 ft msl. Between 
1000 and 1600 hr. 6 July - 7 August, 1955. X = Day on which snowfall occurred. 


plotted against solar time are presented in Figure 6. On both clear and cloudy days, 
albedo was higher in the aftrrnoon than in the morning (Table 1). 
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Fig. 6 — Variation of albedo with time, Greenland Ice Cap, 6800 ft msl. 
- = Mean value for 30 days with more than 0.7 cloud cover. 
x = Mean value for 3 days with less than 0.2 cloud cover. 


TABLE | 


Mean Values of Albedo in the Morning and Afternoon 
See Ee ee 


Solar time Solar time 

0500-1100 1300-1900 
Clear Day 0.77 0.87 
Cloudy Day 0.80 0.86 
All Days of Record 0.80 ~ 0.85 


ee ee eee 
Note: On clear days, cloud cover was 0.2 or less, cloudy days had 0.7 or more 
cloud cover. 


The difference may be due to reflections from the etched patterns on the snow 
surface, which were present more than 80% of the time during the period when the 
radiation measurements were made. The patterns are formed by wind erosion of 
the snow surface and frequently exhibit vertical or even undercut surfaces facing 
into the wind (Figures Ie 28). 


At the Ice Cap site, the vertical surfaces fa 


ced toward the southeast, or into the 
morning sun. ; 


The presence and orientetion of erosional patterns on the snow su: 
have sufficient effect on the albedo to require that specific measurements o 
global radiation be made at each site where the precise determination of 
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face may 
f reflected 
the energy 


Fig. 7 — Variations in snow-surface patterns which may have a diurnal effect on 
albedo through change in sun angle and azimuth or by movement of the pattern 
as etching and filling takes place. Photographed near the research site on the 
Greenland Ice Cap. 


balance is required. It appears also that the albedo of a permanent snow cover is 
much higher than that usually attributed to glacier snow and fiin in the temperate 


zones. 
Fluctuations in albedo which were recorded after 2100 and prior to 0500 hours, 


as shown in Figure 6, may be attributable in part to the instrumental problem involved 


in measuring the incident and reflected solar radiation at the low sun angles (of 
B Oi 18°) during these periods. 


piffuse sky radiation 

Instantaneous measurements of diffuse sky radiation were made at frequent 
intervals by occulting the hemispherical pyrheliometer from direct solar radiation. 
The 1esults are plotted in Figure 9. The diffuse sky radiation was also computed as 
follows: The solar radiation on a horizontal surface is computed from: 


I, = I; sine @ (3) 
where: 
I, = Solar radiation on a horizontal surface 
I = Normal incidence solar radiation 
og! = Sun angle (above horizon). 
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TABLE I 


Computed and Measured Values for Diffuse Sky Radiation 


Date Time Measured Sky Computed Sky 
Radiation Radiation 
1955 (hr) (ly/min) (ly/min) 
27 July 1400 0.15 0.15 
1500 0.13 0.14 
1600 0.12 0.15 
1700 0.10 0.14 
1800 0.08 0.09 
1900 0.07 0.05 
2000 0.05 0.01 
2100 0.055 0.01 
2200 0.04 0 
28 July 1200 0.14 se Ont a: 
1400 0.16 0.13 
1 August 1015 0.17 0.18 


IFFUSE SKY RADIATION (ly/min) 


) 
SE 


03|- 


@) 1 n 1 o el! sot! 
{ 2 3 4 5 6 af 8 
DIRECT SOLAR RADIATION ON A HORIZONTAL SURFACE (ly/min) 


Fig. 9 — Diffuse sky radiation vs. direct solar radiation, Greenland Ice Cap, 
6800 ft msl. 


411 


Effect of clouds on radiation 


Observations of cloud coyer were made every 3 hr during the period. Mean 
daily cloudiness plotted against daily incident global radiation (Figure 10) shows 
that, even under full overcast conditions, large amounts of solar radiation were 
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Fig. 10 — Daily incident global radiation vs. mean daily cloudiness, Greenland 
Ice Cap, 6800 ft msl. 
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TABLE III 


Incident Selar Radiation as a Function of Cloudiness 
-_— eee 


Mean cloudiness Radiation received on a horizontal 
surface, in % of clear day radiation 


rd 


0 100 
5/10 94 " 
10/10 65 


received at the snow surface. As shown in Table III, a mean cloud cover of 0.5 
reduced the incident global radiation by only 6% and, even under conditions of full 
overcast, the snow surface received 65% as much global radiation as on a clear day. 
These high values for measured global radiation with overcast skies over a large 
snow field have been observed in the Antarctic also (Liljequist, 1953) and a relation- 
ship between cloud cover and global radiation similar to that shown in Figure 10 
was obtained by Wallen (1949) from measurements made on the Karsa Glacier 
in Sweden. 
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ite Sat 


Kimball (1919) states that, under fully overcast conditions, there is an average 
decrease of 70% in global radiation seceived at the earth’s surface in the temperate 
zone. On the Ice Cap, the decrease was only 35%. The difference may be due to less 


dense clouds in the Arctic and to multiple reflection between the snow surface and 
the cloud base. ; 


Angstrom (1934) has estimated the increase of incoming radiation due to multiple 
reflection from snow covered ground to be about 20% with a clear sky and up to 
100% with an overcast sky. According to Angstrom and Tryselius (1934): 


1 


a1 ) 
& 1 —rd ©) 
where: 
I-q = radiation income with multiple reflection 
I = radiation income for ground absorbing all incoming radiation 
r = reflecting power of the ground (0.8 for snow at Ice Cap site) 
d = reflecting power of the sky (0.25 for clear sky, 0.75 for overcast sky) 
with clear sky I°,q = 1.25 I, (6) 
with overcast sky I11°,g = 2.50 I, (7) 
Then: 
Tio 2 chesbe rd D4 


ad 025) 8 
If Zio Ir lod (8) 


Values of I?°,g and I°,g for selected periods during 1955 and 1956* are listed 
below: 


Date ee T° 1?°,a/T°ra 
July 15-30, 1955 482 804 0.60 
July 1-15, 1956 584 892 0.66 
August 1-15, 1956 395 583 0.68 
Mean ‘ 0.65 


Values of I,o/Io as computed from equation (8) using the above values of I°,¢ 
and I°,g are shown below: 


Date Troidle 
July 15-30,1955 0.30 
July 1-15, 1956 0.33 
August 1-15, 1956 0.34 


Similar values for I,o/I, were obtained by Wallen (1948). 


The value of I,./Io for stations in temperate latitudes has been found to be 
0.22 (Kimball, Mon. Wea. Rev., April 1927, Vol. 55). The higher values of Iyo/Io 
obtained at the Ice Cap site and by other investigators (Wallen, 1948), (Olsson, 1936), 
(Mosby, 1932) has been attributed to the arctic clouds being thinner than those in 
the temperate latitudes. 


* Data obtained during 1956 is included in this section. 
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Fig. 11 — Effect of clouds on incident global radiation, Greenland Ice Cap, 6800 ft 
msl. 0930, 1230 observations. 


COMPUTED LONG WAVE RADIATION BALANCE (ly /day) 
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Fig. 12 — Computed long-wave radiation balance vs. cloud cover, Greenland Ice 
Cap, 6800 ft msl. 
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The relationship between global radiation received at the snow surface, the 
extent of cloud cover, and the elevation of the clouds is shown in Figure 11. It appears 
that low clouds were associated with a more complete cloud cover at this site. 
Although global radiation was reduced appreciably with extensive low cloud cover, 
it was still in excess of two thirds of the amount received under clear sky conditions. 
The diffusion and reflection of large amounts of the incoming global radiation by 
an extensive cover of low clouds is the primary physical cause of that type of white- 
out on the Ice Cap in which depth perception is greatly reduced without a corres- 
ponding reduction in horizontal visibility. Some studies on this phenomenon are 
being incorporated in a separate report. 

As cloud cover increases, there is a large reduction in the heat loss from the 
snow surface by outgoing long-wave radiation. In Figure 12, the long-wave radiation 
balance, as computed from the measurements of net all-wave radiation and net 
global radiation, is plotted against mean daily cloud cover. Figure 13 shows the 
observed mean decrease in effective outgoing radiation due to cloudiness, which 
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Fig. 13 — Effective outgoing radiation vs. cloud cover, Greenland Ice Cap, 
6800 ft msl. 


compares favorably with the theoretical values derived by H. Philipps (1940). Since 
there is only a small decrease in incoming solar radiation with increasing cloud 
cover, the result is an increase in the net radiation balance (Figure 16). 

The net increase in all-wave radiation flux at the snow surface with increasing 
cloudiness indicates that, with similar atmospheric conditions, ablation would be 
greater at low elevations and would extend to higher elevations during cloudy summers 


than during clear summers. 


Atmospheric and terrestrial radiation 


Incoming and outgoing long-wave radiation was not measured directly, but 
was computed from measurements made with the net radiometer and the incident 
and reflected pyrheliometers. The long-wave radiation balance was computed from: 


I; — O; = N — (ls — Os) (9) 
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Fig. 14 — Net radiation balance vs. cloud cover, Greenland Ice Cap, 6800 ft ms 


where me 
1; — O; = Long-wave radiation balance or effective outgoing radiation 
I; = Incoming long-wave radiation from atmosphereic water vapor 
and/or clouds . 
O; = Outgoing long-wave radiation from snow surface 
N = Net radiation balance 
Is = Incoming solar radiation 


Os; = Reflected solar radiation 
= Solar radiation balance 


| 
2 
| 


The computed daily values are plotted in Figure 15. The daily balance for long- 
wave radiation on the Ice Cap, as shown in this figure, is always negative. 


Effect of low sun angle on measured radiation 


At low angles of incident solar radiation, the response of hemispherically mounted 
pyrheliometers tends to diverge from the cosine law. Most solar radiation received 
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Fig. 15 — Computed daily long-wave radiation balance, Greenland Ice Cap. 


6800 ft msl. 


in the polar regions during the summer comes from the sun at a very low angle. 
At the Ice Cap site where these observations were made, the sun angle varied from 
a high of only 32° at solar noon in July, when these studies were started, to 6° at solar 
midnight in early August, when the observations were discontinued. Any appreciable 
divergence of the pyrheliometer from the theoretical cosine response at low sun 
angles would result in a large acccumulative error in measured global radiation. 
The instrumentation and procedures used in these studies on radiation permitted 
evaluation of the effect of low sun angle on the response of the pyrheliometers. 
From the equation: 


Wa = Se (10) 
where: 
I,’ = Solar radiation received on a horizontal surface and 
I, = Solar radiation received on a normal surface, the output of the normal 


incident pyrheliometer was converted to values for solar radiation receivable on a 
horizontal surface. These values were compared with the values obtained at the same 
time from the horizontally mounted hemispherical pyrheliometer. The direct solar 
radiation measured by the hemispherical pyrheliometer was obtained by subtracting 
the value for diffused sky radiation from the total measured global radiation. Diffuse 
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sky radiation was measured directly by occulting the sun for brief periods so the 
hemispherical pyrheliometer received no direct solar radiation. 

The data obtained between 1200 and 2400 on one clear day are presented in 
Table IV and plotted in Figure 16. A inean positive error of 4°% in measured global 
radiation is indicated for the period of the study. 


TABLE IV 


Effect of Sun Angle on Measured Incident Radiation 


i) ly Ip I,’ 
Approximate Sun Angle Sin @ Measured Measured Computed 
Solar Time 
Deg. Min. 
2400 6 2 .1045 0.85 0.08 0.09 
2300 7 11 .1248 0.92 0.10 0.11 
2200 9 3 .1564 0.98 0.14 0.15 
2100 1] 34 .1994 1.09 0.22 0.22 
2000 14 33 .2504 1.17 0.31 0.29 
1900 IY 50 .3062 1.24 0.41 0.38 
1800 Di 12 3611 1.30 0.50 0.47 
1700 24 27 .4147 itu 0.57 0.54 
1600 Pri 20 .4592 1.35 0.65 0.62 
1400 31 12 ESS 1.41 0.76 0.73 
1200 31 29 225 1.44 0.78 0.75 
Total 4.52 4.35 
Mean 0.411 0.395 
Difference between means 0.016 
error A 4.0% 


_ CC errr — 


For the 24-hr period within which these measurements were made, the measured 
total global radiation was 804 ly. The apparent error in the pyrheliometer record 
indicates that this measured global radiation was 32 ly higher than actually received 
on a horizontal surface. Within this apparent error attributed to divergence from 
a true cosine response, approximately 8 ly may be the product of temperature changes 
during the period, leaving a cosine response error for clear-day global radiation 
of about —3%. 

It was not possible to determine whether a similar error might be present in the 
measurements of reflected radiation. It was observed that, at a very low sun angle, 
the inverted pyrheliometer appeared to respond to internal reflections of direct solar 
radiation on the glass globe. This observation is supported by the similar figures 
for incident and reflected radiation measured during the night huurs (Tables 1 and 2, 
Appendix). Since there were only 4 clear days, and average cloudiness exceeded 
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0.5 during the period of these investigations, and since albedo measurements appeared 
to include a similar error, no corrections were applied to the radiation data analyzed 
in other sections of this report. 


Atmospheric transmission coe fficient 


In passing through the earth’s atmosphere, solar radiation is decreased in intensity 
by scattering due to air molecules and dust particles and absorption by water vapor. 
The solar radiation which finally reaches the earth’s surface may be computed from: 


Ion wloass (11) 

where: 

I, = Total solar and sky radiation received on a horizontal surface at the 
ground, ly/day 

I,’ — Total solar radiation received on a horizontal surface at the exterio1 
of the atmosphere, ly/day 

a = Atmospheric transmission coefficient 

m = Solar air mass (ratio of length of actual path of solar beam to the 


path through the zenith) 


During the period of measurement, a cloudless day occurred on 24 July 1955. 
From the Smithsonian Meteorological Tables, Table 132 (1951), I, for that day was 
computed to be 890 ly and m for the Ice Cap site was computed to be 2.785. The 
total measured global radiation on that day was 804 ly. Substituting these values 
in equation (7), the atmospheric transmission coefficient was computed to be 0.964. 
The high value for the atmospheric transmission coefficient may be attributed either 
to low atmospheric turbidity and/or the increase in incoming global radiation due 
to multiple reflection between the snow and sky. 


Equation (6) indicates that because of multiple reflection the measured global 
radiation on a clear day at the Ice Cap site is 25% greater than that measured over 
a non-reflecting surface. The use of I,g in computing the atmospheric transmission 
coefficient (a) would result in larger values of (a) than that obtained when the global 
radiation is not increased by multiple reflection. However, a true value of a may 
be obtained by using I, rather than I,g. From equation (6) I, is equal to 643 ly/day 
when I,q is 804 ly/day. Substituting in equation (11) a is computed to be 0.888. A 
value of 0.836 was obtained by Mosby (1932) during the Maud expedition. 


Heat balance of snow cover 


The upper layers of a snow cover receive heat: (1) from the incoming global 
and long-wave radiation; (2) by conduction from the air ifthe air temperature increa- 
ses with increase of height; (3) by heat of condensation if the vapor content of the 
air increases with increase of height; (4) by conduction from below if the temperature 
of the snow increases with increase of depth; and (5) by transfer of heat from precipi- 
tation which is warmer than the snow cover. 

The upper snow layers lose heat: (1) by outgoing long-wave radiation; (2) by 
conduction to the air if the air temperature decreases with increase of height; and 
(3) by conduction downwards if the snow temperature decreases with increase of 
depth. 

Any surplus of heat which the upper snow layers may receive may be used for 
melting or evaporation, or it may be conducted to lower layers if the snow temperature 
decreases with depth. For a column of snow in which melting does not occur, a change 
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in the cold content (defined as the amount of heat required to raise a column of 
snow | cm? in cross in section to 0°C) may be expressed as follows: 


AQ=1+R+4+Q,4+Q,4+F (12) 
where: 
AQ = Change in cold content. ly (positive for heat gain, negative for 
heat loss). 
Computed from: 
OSE (12a) 
where: 
m = mass of snow, g 


t = temperature of snow, °C 

c = Specific heat of snow, 0.5 cal/g—°C 

[ = Incident global radiation — reflected global radiation 

R= Long wave-radiation balance (positive when incoming and negative 
when outgoing) 


Qs; = Amount of heat received from or lost to the snow, calculated from : 

OF — ake diaz (124) 
where: 

Ke =—F-0085 o” (o = density of snow) 


dt/dz = temperature gradient in the snow 
Q, = Amount of heat received from or lost to air 
F = 680 M (latent heat of fusion x mass of sublimate, positive for con- 
densation on the snow, negative for sublimation to the air). 


The effective change in the heat balance of the snow cover at the Ice Cap research 
site was computed from the snow cover studies and meteorological measurements 
made between 25 July — 6 August inclusive, during which the most complete radiation 
measurements and snow profile records were obtained. 

From snow profile measurements made on 25 July and again on 6 August, 
the change in cold content of the upper 70 cm of the snow cover was found to be 
—2 ly, which means that this portion of the snow cove1 gained 2 ly. Substitution of 
measured values for I, R, and Qs in equation (12) permitted computation of the 
combined valeus of Q, + F. The results are shown in Table V. 


TABLE V 
Heat Balance of the Snow Cover at Site 2 for 13 day Period 
25 July —6 August 1956 R 
—_—_ Fee Eee ee 
Gain Loss 5 Balance 
(ly) (ly) (ly) 
Global Long Wave 
Radiation (I) Radiation (Ry Q+Q,+Q,+F 
1318 1195 se Ale! 
Distribution of heat gain Eq. (8) 
Heat gain, top 70 cm snow (Q) 2 ly 


Heat gain, below 70 cm snow (Qs) 96 ly 


Total gain for 13-day period, (Q + Qs) 98 
Loss by transfer to air and by sublimation to air 
for 13-day period (Q, + F) 25 


a 
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Computation of separate values for Qa and F was no‘ possible because of the 
inability to obtain a precise measurement of the temperature of the snow surface. 
The mean temperature and dewpoint values for different elevations above the snow 
surface (Table VI) show that there was a diurnal change in both the air temperature 
and the dewpoint. The increase in dewpoint accompanying the mid-day rise in air 
temperature indicates that sublimation from the snow cover to the ait took place 
and probably accounts for most of the computed 25 ly loss from the snow cover by 
transfer to the air. The 123 ly potentially available to the snow cover was reduced 
by heat transfer to the air to a net gain of 98 ly for the 13-day period. 


TABLE VI 


Mean Temperature and Dewpoint at Different Levels 
25 July to 6 August 1955. 


Height above Surface (m) 


0.3 19 19) 3.3 3)55) | els) Are 32 5.7 


Time Temperature (—°C) Dewpoint (—°C) 


0100-0400 LOZGIS LOS OM eLOGe TOG PES eos ides an 5s 4 
0500-0800 8.4 9.0 8.5 8.6 Seo Oa LASS PLL SS OD eee? 
0900-1200 6.5 6.7 6.2 6.1 6.4 8.9 De OTe et OO RE 9D 
1300-1600 64 6.7 O7d aGv4en 65 8.3 8.7 8.9 8.4 8.7 
1700-2000 8.3 8.4 8.6 8.3 8.5 9.3 Odo Ge D3, 9.3 
2100-2400 9.6 9.8 9.8 Oe 9 Sie LOR Sal OES 102 1007 = 1020 


Using the seasonal duration of sunshine at 78° N. as a basis for computation, 
the 98 ly gain by the snow cover over 13 days extrapolates to a 1000 ly gain by the 
snow cover for the entire 260-day period when solar radiation may be available. 
This heat gain is sufficient to produce an integrated temperature rise of about 4.5°C 
in the snow profile extending down to the constant temperature isotherm of —24°C 
near 30 ft below the surface. Temperature measurements made by Sipre parties in 
1954 in pits at this site showed a 540 ly heat gain by the snow for a 56-day period 
between 28 June and 22 August, slightly more than half the amount coinputed as 
potential gain for the 260 days of possible sunshine in 1955. 

For the 13-day period in 1955, there was a net heat balance of 7.6 ly/day. From 
the deep pit studies made in 1954, the average daily heat balance for a 56-day period 
was found to be 9.6 ly. The difference, although extremely small, may indicate an 
actual difference in the summer climate between the two years. 

The extremely small supply of heat available to the central ice cap in Greenland 
is further emphasized when compared with the mean daily heat balance for a snow 
pack in the Sierra Nevada of California. Table VII shows comparative data for an 
altitude of about 7000 ft at each research site and for approximately equal periods, 
although on opposite sides of the summer solstice. No uniform cover of snow exists 
at the Central Sierra Snow Laboratory after 1 June, and records from the ice-cap 
site were not available until 5 July. 
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TABLE VII 


Comparison of Mean Daily Heat Balance for a High Mountain 
Snow Pack in California and the High Ice Cap in Greenland. 


OO. O OOO eee 


Central Sierra 


Snow Laboratory Site 2 
Heat Balance California Greenland 
May-June 1952 July-August 1955 
(ly/day) (ly/day) 
Radiation, global and long-wave + 291 + 9.5 
Exchange between snow and air + 109 — 1.9 
Net daily gain -+ 400 + 7.6 


The difference between the net daily gain of 400 ly by the snow pack in the 
High Sierra and the 7.6 ly gain by the central Greenland Ice Cap during the period 
of approximate maximum radiational heat supply provides one explanation for the 
enormous climatological difference between two localities where snow is a major 
factor in the environment. In spite of an annual snowfall equivalent to 80 to 120 in. 
of water, the entire 10 to 20-ft. deep snow pack which accumulates each winter 
in the High Sierra is melted by early June. At the same elevation on the Ice Cap, 
the 5 to 10 water-equivalent inches of snow which fall each year remain to nourish 
the Ice Cap because of the unfavorable heat balance. The positive heat balance for 
an entire summer season on the Ice Cap is no more than that accumulated in 2 Vy 
days in the Sierra. The apparent 2 ly difference in the daily heat budget between the 
1954 and 1955 seasons on the Ice Cap is of negligible importance when compared 
with the 400 ly daily balance available to the high-mountain snow pack in the 
temperate zone. 
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VERTICAL DISTRIBUTION OF VELOCITY 
IN SALMON GLACIER, B. C. 


W. H. MATHEWS 
Division of Geology University of British Columbia 


Six holes were drilled thermally in Salmon Glacier in the first half of 1956 by 
Granduc Mines Ltd. to establish the elevation of the rock floor over the line of a 
proposed low-level access tunnel. Arrangements were made through the National 
Research Council to case and survey one of the holes to establish the velocity at diffe- 
rent levels within the ice. The casing of drill hole No. 4, to a depth of 1,625 feet, 
at which point the floor of the glacier was apparently reached, was completed on 
May 1-2. 

The first survey was undertaken on May 5-7, and a second survey on August 
8-10, 94 days after the first. 

The glacier at the drilling site is approximately 1 / miles wide and up to 2300 
feet deep. Here at the firn line some 4 miles from the source and 10 miles from the 
most distant terminus, the ice flows in a relatively straight valley trending N45E 
(magnetic). Transit surveys indicate a surface movement near the center of the glacier 
of as much as 85 feet in 94 days. Displacement of the collar of the drill pipe which 
lies 1 mile from the southern side of the glacier was 69.5 feet in this same time interval. 

Inclinometer surveys were conducted in both May and August with a Parsons 
inclinometer which photographs at a predetermined time a pendulum and a mag- 
netic compass. Deviations of the drill hole of more than 10 degrees from the vertical, 
the limit measureable with the pendulums available in May, necessitated the use 
of acid bottles below the 900 foot level in the May survey. Instrumental dicffiulties 
below the 1300 foot level in August made it necessary to assume that the direction 
of movement above this level, nowhere more than 3° away from N37 1°E (mag.), 
prevailed at greater depth. These problems plus the fact that the inclination of an 
initially crooked hole was being measured at finite intervals, 50 feet, has led to some 
irregularity in the displacement-depth curve and to a very marked scatter in the 
shear stress (or depth) to strain rate curve. A third survey *, which it is hoped can 
Se made in 1957 after the surface displacement has reached about 300 feet, should 
markedly reduce this irregularity and scatter. 

Calculations show that the 94 day displacement, in a direction N37 2° + 3°E 
‘Mag.), decreased very gradually from 69.5 feet at the surface to about 65 feet at 
a depth of 875 feet, then more rapidly with increasing depth to 60 feet 1000 feet 
below the surface and to 50 feet 1300 feet down. Displacement at a depth of 1580 
feet in the pipe (actually 1560 feet vertically below the ice surface), the lowest part 
of the pipe still accessible in August, was about 31 feet, and by extrapolation the 
sliding of the bottom of the glacier over the rock floor may have been as much as 
Doteet. 

Shear stresses, which increase with depth as the weight of overlying snow and 
ice increases, have been computed using the formula: 


* The proposed 1957 survey proved unsuccessful, with the casing being obstructed, 
apparentty by ice, near the collar. 
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Shear stress = g Sin a f cay 


0 
y 


where g is the acceleration of gravity, « is the surface slope of 2°00’, and if 0 dy is 
0 

the cumulative load per unit area of snow and ice above depth » computed using 

the same density distribution as did Gerrard, Perutz, and Roch (1952, pp 553-4) 

down to 140 meters and a constant density of 0.92 below that level. 

Rate of shear strain has been computed for 50 and 250 foot intervals throughout 
the depth of the drill hole. The shear stress-strain rate curve compares closely with 
the lower curved portion of Glen’s laboratory determined relationship (Gerrard 
et. al., p. 557), much more so than to the curve determined from the one other fully 
surveyed drillhole, on a small glacier on Jungfrau, Switzerland (Gerrard et. al., 1952). 
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NEUE ERKENNTNISSE 
UBER DIE BLOCKBEWEGUNG DER GLETSCHER 
Mit einer Diagrammtafel 


WOLFGANG PILLEWIZER 
Miinchen 


SUMMARY 


Distinct from the well-known type of slow-flowing alpine glaciers are the glaciers, 
the ice of which is not «flowing» but moving downwards with high velocity as a block 
pemrcen lateral mobile zones. There are three reasons of the block-movement of 
glaciers: 

1. Vast firn-regions, the ice-masses of which are pushed through narrow outlets 
(Greenland glacier). 

2. High accumulation of snow in small firn-regions of high-mountain glaciers 
(Rakhiot glacier on Nanga Parbat and all advancing glaciers). 

3. Steep and high slopes of the firn-regions. At Karakoram-glaciers firn-masses 
and avalanches are tumbling downwards these slopes, creating the general 
block-movement of the flat tongues. 


DIE STROMENDE BEWEGUNGSFORM DER GLETSCHER 


Seit in der zweiten Halfte des 19. Jahrhunderts mit systematischen Messungen 
an Alpengletschern begonnen wurde’), ist der Bewegungstyp dieser Gietscher bekannt : 
Es handelt sich um die strémende Bewegungsform, bei der die Bewegung im Quer- 
profil am Rande = 0 ist, gegen die Mitte zu gleichmaBig parabolisch ansteigt und 
dort ihren Hohepunkt erreicht. Auf der Diagrammtafel ist solch ein Bewegungsprofil 
des Rhonegletschers aus dem Jahre 1875 zu Vergleichszwecken angegeben. 


DieE BLOCKBEWEGUNG VON INLANDEIS-GLETSCHERN 


Daneben war schon seit den Messungen H. Rinks von 1852 und anderer danischer 
Forscher bekannt, daB sich die groBen Ausfliisse des grénlandischen Inlandeises 
ganz anders bewegen: diese miachtigen Eisstréme sind wild zerrissen, sie bewegen 
sich mit bis zu 20 m Geschwindigkeit im Tag, wobei die Geschwindigkeit in schmalen 
Randzonen sprunghaft anwachst und nahe dem Rand schon ihren H6hepunkt erreicht. 
Der ganze, oft mehrere km breite Mittelteil des Gletschers bewegt sich mit gleich- 
maBiger, nur wenig schwankender Geschwindigkeit als Block zwischen den schmalen 
Randzonen des jahen Geschwindigkeitsanstiegs. 

In neuerer Zeit wurde wahrend der Expéditions Polaires Francaises durch 
A. Bauer der Gletscher Eqip Sermia, ein kleinerer AusfluB des groénlandischen Inland- 
eises, von 1948-1953 genau untersucht.”) Er zeigt bei 3 km Breite ganz typische Block- 
bewegung mit sehr ausgepragtem, raschen Anstieg der Geschwindigkeit an beiden 


(4) Hier sind vor allem die Messungen am Rhonegletscher in der Schweiz und 
am Hintereisferner in Oesterreich zu nennen : P. L. MERCANTON : Vermessungen am 
Rhonegletscher 1874-1915, Neue Denkschr. d. Schweiz. Natf. Ges. 52, 1916. 

H. HeB : Der Hintereisferner 1893-1921, Z. f. Gletscherkde., 13, 1923/24. | 

(2) A. BAuER : Le Glacier de l’Eqe. Glaciologie Groenland, Vol. II. Expéditions 
Polaires Frangaises, IV, Paris 1955. 
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Gletscherrandern und mit gleichformig bewegtem Mittelteil von durchschittlich 3 m 
Tagesgeschwindigkeit. Das yon A. Bauer veréffentlichte Bewegungsdiagramm auf 
S. 84 1aBt mit groBer Deutlichkeit die beiden scharfen Knicke in der Bewegungskurve 
zwischen dem gleichférmig bewegten Mitielteil und den mobilen Randzonen des 
Gletschers erkennen. Diese Knicke sind das wichtigste Charakteristikum fiir das 
Geschwindigkeitsdiagramm eines Gletschers mit Blockbewegung. 

Die Ursache fiir die Blockbewegung der grénlandischen Gletscher, aber auch 
anderer, aus Inlandeisgebieten kommender Gletscher *), ist in deren riesigen Ein- 
zugsgebieten zu suchen, in denen sich gewaltige Eismassen sammeln, die dann durch 
relativ enge Ausgangspforten zum Meer hinaus gepreBt werden. Dabei entwickelt 
sich infolge der hohen Geschwindigkeit die Blockbewegung, und die Oberfliche des 
Eisstroms zerrei®t durch die Starrheit der Bewegung in unzahlige Eistiirme, Schollen 
und Spalten. 


Dit BLOCKBEWEGUNG VON HOCHGEBIRGSGLETSC HERN 


Im Jahre 1934 untersuchte R. Finsterwalder*) die Bewegung des Rakhiotgletschers 
am Nanga Parbat im NW-Himalaja. Mit Hilfe photogrammetrischer Messungen in 
4 Querprofilen stellte er fest, daB dieser Gletscher Blockbewegung mit iiber 2 m 
Tagesgeschwindigkeit besitzt, wobei die mobilen Randzonen des jahen Geschwin- 
digkeitsanstiegs stellenweise nur 10 m breit sind. Genau so wie an den _grénlan- 
dischen Gletschern ist die Oberfliche des Rakhiotgletschers sehr stark zerrissen und 
in einzelne Tiirme und Schollen zerlegt, die Eigenbewegungen im Gesamtverband 
des blockbewegten Gletschers aufweisen. R. Finsterwalder sprach deshalb von einer 
« Blockschollenbewegung » des Rakhiotgletschers. Damit war der Nachweis erbracht, 
daB die Blockbewegungsform auch an Hochgebirgsgletschern auftreten kann, und 
Nachmessungen, die ich 1954 in denselben Profilen des Rakhiotgletschers yornahm®), 
bestatigten dies, die Blockbewegung verlief sogar um 30 % rascher als 1934. Die 
Ursache fiir die Blockschollenbewegung des Rakhiotgletschers ist nach R. Finster- 
walder in den hohen Niederschlagen zu suchen, die in seinem Firngebiet fallen. 
Sie erreichen 6-8 m Wasserwert im Jahr, wodurch sich im relativ kleinen Einzugsgebiet 
des Rakhiotgletschers sehr groBe Eismassen bilden, die durch das enge Rakhiottal 
blockartig hinausgepreBt werden. Hervorzuheben ist dabei, da® der Rakhiotgletscher 
1934 und 1954 im Riickgang begriffen war; der Firnnachschub aus seinem Einzugs- 
gebiet ist also stets so kriftig, daB die Blockbewegung der Gletscherzunge auch 
wahrend Riickzugsperioden erhalten bleibt. 


Die BLOCKBEWEGUNG VORGEHENDER GLETSCHER 

Die Blockbewegung scheint an Hochgebirgsgletschern des alpinen Typs, die 
normalerweise die str6mende Bewegungsform besitzen, ganz allgemein dann aui- 
zutreten, wenn diese Gletscher kraftig vorstoBen. Leider gibt es erst wenig exakte 
Bewegungsmessungen an vorgehenden Gletschern, eine Folge des allgemeinen 
Gletscherriickgangs der letzten Jahrzehnte. Berichte von den groBen Gletscher- 
vorst6Ben um die Mitte des 19. Jahrhunderts und Bilder vorgehender Gletscher aus 


(*) Soz. B. der K6nigsgletscher in NW-Spitzbergen, an dem ich 1938 Block- 
bewegung von tiber 2 m/Tag feststellen konnte. 

(*) R. FINSTERWALDER : Die Gletscher des Nanga Parbat, Z. f. Gletscherkde. 
XXV, 1937. 

(?) W. PILLEwizeR : Der Rakhiotgletscher am Nanga Parbat im Jahr 1954, 
Z. f. Gletscherkde. u. Glazialgeologie, Ill, 1956. 
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dieser Zeit zeigen uns aber stets die Gletscherzungen auBerordentlich stark zerrissen, 
ein Hinweis auf die wahrscheinliche Blockbewegung dieser vorstoBenden Gletscher. 
Seb. Finsterwalder*) berichtet von der vélligen ZerreiBung der Zunge des Vernagt- 
ferners wahrend des groBen GletschervorstoBes von 1845-1848. Er berechnete auBer- 
dem die Geschwindigkeit des vorgehenden Vernagtferners im obersten Querschnitt 
zu uber 300 m/Jahr = ca. 90 cm/Tag, was ein Vielfaches der gemessenen Geschwin- 
digkeit von 12 cm/Tag im Zeitraum 1893-95 bedeutet. Solch eine hohe Geschwindiggeit 
muB8B nach unserer heutigen Kenntnis zur Blockbewegung des Vernagtferners gefiihrt 
haben, was auch durch die Angaben iiber die ZerreiBung der Gletscherzunge von 
1845 bestatigt wird. 

Im Jahre 1938 konnte ich mittels photogrammetrischer Bewegungsmessungen 
am. vorgehenden Tindbre in Siidspitzbergen feststellen’), daB dieser kleine Gletscher 
vom alpinen Typ sich mit der hohen Geschwindigkeit von 1,20 m/Tag blockférmig 
bewegte, bei gleichzeitig eintretender vélliger ZerreiBung seiner Oberflache. Noch 
1937 war die Gletscheroberflache spaltenlos, und der Gletscher diirfte sich damals 
stromend mit ca. 30 cm/Tagesgeschwindigkeit bewegt haben. Auch hier war also 
das Vorgehen eines alpinen Gletschers mit Ausbildung der Blockbewegung verbunden. 
Erst in neuester Zeit ist es mit dem Vorriicken verschiedener Gletscher wieder 
méglich geworden, Bewegungsstudien an vorgehenden Gletschern auszufiihren. In 
den Jahren 1952 und 1956 nahm W. Hofmann’) photogrammetrische Bewegungs- 
messungen am vorgehenden Nisqually-Gletscher (Mt. Rainier, U.S.A.) vor. Dabei 
stellte er fest, daB die eigentlich vorgehende Komponente des Nisqually-Gletschers, 
der Wilson-Gletscher, 1952 unmittelbar am westlichen Eisrand eine Tagesgeschwin- 
digkeit von iiber 17 cm aufwies; der Gletscher schob sich mit dieser Geschwindigkeit 
an der Felswand entlang und besa8 also typische Blockbewegung, die im Diagramm 
durch einen senkrechten Geschwindigkeitsanstieg und den Knick in der Bewegungs- 
kurve gekennzeichnet wird. Wie weiter unten ausgefihrt wird, zeigten die vorgehenden 
Gletscher des Karakorumgebirges, die 1954 beobachtet wurden, extreme Block- 
bewegung. Es scheint also ein kraftiger GletschervorstoB stets mit der Ausbildung 
der Blockbewegung verbunden zu sein. Die Ursachen liegen, ahnlich wie am 
Rakhiotgletscher des Nanga Parbat, in einem erhéhten Firnnachschub, der die Eis- 
massen der Gletscherzungen unter verstéarktem Druck und entsprechend erhéhter 
Geschwindigkeit in die engen Hochgebirgstaler preBt, wobei sich aus der stro6menden 
die blockartige Bewegungsform entwickelt. 


Die BLOCKBEWEGUNG DER KARAKORUMGLETSCHER 


Im Jahre 1954 konnte ich die Bewegung von 6 Gletschern des nordwestlichen 
Karakorumgebirges mit Hilfe der photogrammetrischen Methode bestimmen. Bei 
diesen Gletschern handelt es sich entweder um firnfeldlose Lawinengletscher oder 
um Firnkesselgletscher. In beiden Fallen entspringen flache, schuttbedeckte Gletscher- 
zungen aus gewaltigen Talschliissen, deren Wande und Steilflanken sich 3000-4000 m 
hoch erheben. Bei den Lawinengletschern fehlen eigentliche Firngebiete, die Ernah- 
rung der tief unter der Schneegrenze liegenden Gletscherzungen erfolgt durch Lawinen, 
die von den Wanden des Talschlusses abstiirzen, und durch einzelne tibersteile 
Hangegletscher, die in Rinnen dieser Wandfluchten liegen. Bei den Firnkesselgletschern 


(®) Seb. FINSTERWALDER : Der Vernagtferner. Wiss. Erg. H. d. D. us Oe. A. V. I, 
Graz 1897. . j 

(7) W. PILLEwizerR : Die kartograph. u. gletscherkundl. Ergebnisse der deutschen 
Spitzbergenexpedition 1938. Pet. Mitt. Erg. H. 238, 1939. 

(8) W. HorMANN : Kartographie und Gletscherkunde am Nisqually-Gletscher 
Erdkunde 1X, H. 4, 1955, S. 284. 
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Bewegungsaiagramme von 2Lawmengletschern Im NW-Karakorum, 1951 
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sind die Steilflanken der Einzugsgebiete firnverkleidet, hier sind also richtige, wenn 
auch sehr steile Firngebiete, die sog. « Firnkessel » vorhanden. 

Die photogrammetrischen Messungen in 21 Querprofilen ergaben, daB alle 
sechs untersuchten Karakorumgletscher Blockbewegungsform b6esitzen. Yon ihnen 
ging einer, der Mutschualgletscher, vor, ein Gletscher war Stationér und die vier 
anderen waren im Riickzug begriffen. Auf der beiliegenden Diagrammtafel sind die 
Bewegungsdiagramme zweier Lawinengletscher der Karakorum-Siidseite wieder- 
gegeben. Fiir das Verstandnis der Blockbewegung am wichtigsten sind die drei Profile, 
die am Shispargletscher gemessen wurden : 

Das Profil Shispar 1 liegt am Ende der langgestreckten, vollig schuttverhiillten 
Zunge, wenig oberhalb des eingesunkenen Zungenendes. In diesem Bereich war 1954 
die Eisoberflache wenig zerspalten. wahrend sie im Bereich der Profile 2 und 3 bei 
gleicher Neigung stark zerrissen war. In Profil | betrug der MeBzeitraum 32 Tage: 
die Geschwindigkeit stieg nicht iiber 8 cm/Tag, das Profil zeigt aber doch deutlich 
die Merkmale der Blockbewegung, namlich den raschen Ansteig der Geschwindigkeit 
am Rand, die Knicke in der Kurve und die gleichmaBige Bewegung des Mittelteils. 
Die eingesunkene Zunge und die geringe Bewegung lassen erkennen, daB das 
Gletscherende 1954 im Riickgang war, es hatte sich auch in den letzten drei Jahr- 
zehnten um mindestens 4,5 km zuriickgezogen. 
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Shispar 2, ein Profil, das etwa 4 km hdher den Gletscher quert, zeigt ein vollig 
anderes Bild; die Tagesgeschwindigkeit stieg hier auf iiber 90 cm an, die Randzone, 
in der bereits eine Geschwindigkeit von 84 cm/Tag erreicht wurde, war nur 25 m 
breit. In diesem Profil wurden die Messungen wahrend eines zeitraums von 6 Tagen 
viermal wiederholt. Im Diagramm sind diese Wiederholungsmessungen eingetragen. 
In allen Fallen ist der rasche Geschwindigkeitsanstieg an den Gletscherrandern und 
der Knick in der Kurve beim Ubergang zum Mittelteil zu erkennen. Bei den 1-Tage- 
messungen zeigen sich starke UnregelmaBigkeiten und von Tag zu Tag bedeutende 
Schwankungen der Geschwindigkeit, wahrend bei der 3-Tagemessung eine ausge- 
geglichene Bewegungskurve zustande kommt. In den gegenlaufigen Geschwindigkeits 
schwankungen verschiedener MeBpunkte kommen deutlich die Eigenbewegungen 
der Schollen und Tiirme, in die der Eisstrom hier zerlegt ist, zum Ausdruck. Bei 
langeren MeBSzeitréumen gleichen sich diese Eigenbewegungen aus, so da® dann 
eine gleichmaBige Bewegungskurve entsteht. 

Profil Shispar 3. Es liegt 2 km oberhalb Profil 2 und konnte innerhalb 4 Tagen 
zweimal nachgemessen werden. Die Tagesgeschwindigkeit des flachen, stark zerris- 
senen Gletschers stieg bis auf 1,20 m, die Blockbewegung war deutlich ausgepragt. 
Auch hier zeigt die 1-Tagemessung die gleichen UnregelmaBigkeiten wie in Profil 2, 
bedingt durch Eigenbewegungen einzelner Schollen im Gesamtverband des Gletschers. 

Offensichtlich wurde am Shispargletscher in den Profilen 3 und 2 ein Zustand 
des Vorgehens erfaBt, denn die extreme Blockbewegung dieser Profile 1a48t sich nur 
in dieser Weise deuten. Die Welle des Vorriickens war 1954 jedoch noch nicht bis 
zum Zungenende vorgedrungen, welches noch im Rtickzug verharrte. AuBerlich 
war dies schon am Ausma& der ZerreiBung der Gletscheroberflache im Bereich der 
Profile 3 und 2 zu erkennen, waihrend das Zungenende noch unzerspalten war. Trotz- 
dem wies auch dieses in seiner Bewegungskurve die Merkmale der Blockbewegung auf. 


Der Mutschualgletscher ist der Nachbargletscher des Shispargletschers und war 
seit 1925 um ca. 7 km zuriickgewichen. Im Sommer 1954 war er jedoch wieder im 
Vorgehen begriffen und zwar schob er sich wahrend des Beobachtungszeitraums 
von 32 Tagen um 11 m iiber sein Vorland vor. 


Das Profil Mutschual ] querte unmittelbar iiber dem Ende die Wolbung der 
Zunge und ergab ein Diagramm (siehe Tafel), welches mit Shispar 1 zu vergleichen 
ist, da dort ebenfalls ein MeBzeitraum von 32 Tagen vorlag. Am Ende des Mutschual- 
gletschers wurde eine Tagesgeschwindigkeit von 60 cm,am Ende des Shispargletschers 
eine solche von nur 8 cm gemessen. Hier war ein vorgehendes, dort ein zuriickwei- 
chendes Zungenende vorhanden, beide jedoch mit Blockbewegung, die am Mutschual- 
gletscher besonders typisch und extrem ausgepragt war. Der flach geneigte, block- 
bedeckte und am Ende hoch gewolbte Mutschualgletscher war stark zerrissen, von 
der Wélbung der Zunge stiirzten dauernd Eisblécke auf das Vorland ab. 


Das Profil Mutschual 2 querte 2,5 km héher die flache, in Eistiirme und-‘schollen 
zerlegte Zunge. Obwohl der MeBzeitraum hier nur 16,5 Stunden betrug, gelang die 
photogrammetrische Messung dank der hohen Geschwindigkeit des Gletschers 
einwandfrei. Sie ergab die Bewegungskuive eines blockbewegten Gletschers mit 
90 cm Tagesgeschwindigkeit. Typisch fiir den kurzen MeBzeitraum sind die starken 
Zacken im Mittelteil der Kurve. Sie deuten ebenso wie bei den 1-Tagemessungen 
von Shispar 2 und 3 auf Eigenbewegungen einzelner Eisschollen hin, die jedoch immer 
nur bei kurzfristigen Messungen (1 Tag und weniger) erkennbar sind. Auch im 
Profil Mutschual 2 hitte ein MeBzeitraum von mehreren Tagen eine ausgeglichene 
Bewegungskurve ohne die Zacken des Mittelteils ergeben, wie auch die 32-Tagekurve 
von Profil 1 zeigt. 

Die Messungen am Mutschualgletscher haben gezeigt, daB Bewegungsdiagramme 
von der Art der Profile Shispar 2 und 3 sowie Mutschual | und 2 typisch fiir vorgehende 
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Gletscher sind. Allerdings mu8 bei der Konstruktion von Vergleichsdiagrammen 
darauf geachtet werden, immer denselben MaBstab zu beniitzen. 

DaB ein vorriickender Gletscher Blockbewegung besitzt, ist nicht verwunderlich; 
die hohe Geschwindigkeit von 1 m/Tag und mehr kann von der strémenden Bewegungs- 
form nicht bewaltigt werden, hier muB sich die Blockbewegung entwickeln. 

Wie Profil Shispar 1 zeigt, ist im Karakorumgebirge diese Bewegungsform 
aber auch an zuriickweichenden Gletschern mit geringer Geschwindigkeit vorhanden. 
Das gilt ebenso fiir die anderen untersuchten Gletscher dieses Gebietes. Sie besitzen 
Tagesgeschwindigkeiten von 30 bis 60 cm, stets jedoch ist ein jaher Geschwindigkeits- 
anstieg am Rand und ein deutlicher Knick in der Bewegungskurve am Ubergang 
zum gleichformig bewegten Mittelteil festzustellen. Sehr charakteristisch sind in 
dieser Hinsicht die beiden Firnkesselgletscher von Ghulkin und Pasu. Der stationdre 
Ghulkingletscher erreicht bereits 30 m vom Eisrand entfernt die Geschwindigkeit 
von 30 cm/Tag, die dann im 600 m breiten Mittelteil erhalten bleibt, und beim 1000m 
breiten, zuriickgehenden Pasugletscher ist die Zone des jahen Geschwindigkeitsan- 
stiegs nur 10 m breit. 

Eine Sonderstellung nimmt der 58 km lange Baturagletscher ein. Sein miachtiger, 
2 km breiter Eisstrom erfiillt ein Liangstal auf der Nordseite des Karakorum- 
Hauptkamms. Die Bewegung wurde in 10 Querprofilen gemessen. Aus den Firnkesseln 
des Ursprungsgebietes kommt der Baturagletscher mit Blockbewegung von iiber 
50 cm Tagesgeschwindigkeit heraus, wie in den Profilen Nr. 9 und Nr. 8, ca.40 km vom 
Ende entfernt, gemessen wurde. Im 7 km talab liegenden Profil Nr. 6 ist hingegen 
kaum mehr etwas von der Blockbewegung zu merken. Hier bewegt sich der Batura- 
gletscher strémend mit 30 cm/Tag, dem Bewegungsdiagramm fehlen die charak- 
teristischen Knicke der Blockbewegung. Unterhalb Profil Nr. 6 miindet in den 
Baturagletscher ein machtiger, yom Hauptkamm kommender Firneisstrom ein, der 
noch 15 km weit als Blankeisstreifen in der sonst schuttbedeckten Gletscherzunge 
zu verfolgen ist. Durch die Einmiindung dieses Seitengletschers erhalt der Hauptstrom 
des Baturagletschers soviel neuen Impuls, da8 er sich in den Profilen Nr. 5 (22 km 
vom Gletscherende entfernt) und Nr. 4 wieder der blockartigen Bewegungsform 
nahert. Im gleichmaBiz bewegten Mittelteil erhéht sich die Geschwindigkeitin diesen 
Profilen auf 50-60 cm im Tag, die Knicke in den Bewegungskuryen sind klar 
ausgepragt. Da unterhalb von Profil Nr. 4 keine Seitengletscher mehr einmiinden, 
verflacht die Bewegung in den tieferen Profilen rasch, und in Profil Nr. 1, 4 km vom 
Gletscherende entfernt, hat der Baturagletscher wieder die strémende Bewegungsform 
mit nur 12 cm Tagesgeschwindigkeit angenommen, eine Bewegungsform, die er in 
Profil Nr. 6 bereits hatte. Das schuttbedeckte Zungenende ist schon lange im Riickzug 
begriffen . s 


. 


Die URSACHE FUR DIE BLOCKBEWEGUNG DER KARAKORUMGLETSCHER 


Soweit diese Gletscher vorgehen (Mutschual- und oberer Shispargletscher), kann 
die Ursache fiir ihre Blockbewegung in einem erhdhten Firnnachschub gesucht 
werden. Woher kommt dann aber die Blockbewegung der zuriickgehenden Kara- 
korumgletscher, die offensichtlich keinen ausreichenden Firnnachschub erhalten? 
Besonders charakteristisch ist hierfiir Profil Nr. 1 am Shispargletscher. 

Beobachtungen, die ich 1937 an einigen Gletschern des Jostedalsbre in Stidnor- 
wegen machte®), kénnen auch auf die Verhiltnisse im Karakorumgebirge Licht 
werfen. An 2 Gletschern des Jostedalsbre-Firnfeldes, am Austerdals- und am Bédalsbre 


(°) W. PILLEWIzER : Bewegungsstudien an Gletschern des Jostedalsbre j 
Stidnorwegen. Erdkunde, V, 1950. i A555 pi 
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stellte ich fest, daB deren wenig geneigte Zungenenden trotz der geringen Tages- 
geschwindigkeit von nur 11-16 cm Blockbewegung besaBen. Sie werden aus hohen 
Eisbriichen genahrt, mit denen diese Gletscher von der Kante der Fjellhochflache 
in die tiefen Trogtaler abstiirzen. Die Annahme ist berechtigt, daB sich in diesen 
ca. 1000 m hohen Eisabstiirzen die Blockbewegung entwickelt, die dann auch noch 
in den kurzen flachen Zungen erhalten bleibt, die in den Trogtalern liegen. Sie sind 
nicht lang genug, um wieder die ihnen eigentlich zukommende strémende Bewegungs- 
form auszubilden. 

Im Karakorumgebirge kommt der ganze Firnnachschub fiir die blockbewegten 
Gletscherzungen aus den 3000-4000 m hohen Steilflanken der Ursprungsgebiete. 
Ebenso wie in den hohen Eisbriichen der norwegischen Gletscher ist auch in den 
Karakorum-Steilflanken mit einer blockartigen Bewegung des Firns und Eises zu 
rechnen, denn sie geht itiber die mehrere 1000 m hohen Abstiirze sicherlich so rasch 
vor sich, da8 kein Strémen, sondern eine sich tiberstiirzende Bewegung, also eine 
Blockbewegung entsteht. Das Extrem bilden dabei die frei stiirzenden Lawinen, die 
ja fiir die Ernahrung vor allem der firnfeldlosen Gletscher von entscheidender 
Bedeutung sind. | 

Die langgestreckten, im Talgrund liegenden Gletscherzungen erhalten also den 
Impuls der Blockbewegung aus ihren Einzugsgebieten und zwar auch dann, wenn 
kein iibermaBig starker Firnnachschub vorhanden ist, denn die Blockbewegung ist 
hier in erster Linie eine Folge des Steilreliefs und nicht abhangig von der GréBe des 
Firnnachschubs. Auch zuriickgehende Gletscher besitzen deshalb die Blockbewegung, 
die sich erst dann in ein langsames Strémen wandelt, wenn die Gletscherzungen weit 
genug von thren blockbewegten Firngebieten talwarts reichen. Nur der Baturagletscher 
ist lang genug, um den Ubergang von der Blockbewegung zur str6menden Bewegung 
zu erméglichen. Die Bewegungsmessungen in den Profilen 8-6 und 5-1 des Batura- 
gletschers zeigen, daB8 fiir diesen Ubergang eine Gletscherlange von 5-6 km erforderlich 
ist, auf der aber keine seitlichen Zufliisse mit Blockbewegung (auch nicht Lawinen) 
mehr vorkommen diirfen. 

Tritt nun zu der Blockbewegung, die durch den Absturz der Firnmassen tiber 
die Steilflanken bedingt ist, auch noch eine Erhéhung des Firnnachschubs, so entsteht 
daraus die extreme Blockbewegung vorgehender Gletscher, und die Gletscherzungen 
riicken rasch vor. Es braucht hier nicht, wie bei anderen Gletschern, erst die str6- 
mende in die blockartige Bewegungsform iibergefiihrt werden, die Blockbewegung 
ist bereits vorhanden und wird nur yerstirkt. Vielleicht liegt hier die Ursache fiir, 
das oftmals berichtete sehr rasche Vorriicken von Karakorumgletschern. 


ZUSAMMENFASSUNG 


Es k6nnen drei verschiedene Ursachen fiir die Ausbildung der Blockbewegung 
an Gletschern unterschieden werden : 


1.) Riesige Einzugsgebiere, in denen sich auch bei geringen Niederschlagen 
groBe Firnmassen sammeln, die dann als stark zerrissene Gletscher mit hoher 
Geschwindigkeit durch verhiltnismaBig enge Ausggangspforten blockartig hinaus- 
gepreBt werden (Gletscher, die von Inlandeisflachen z.B. Gronlands und Spitzbergens 
ernadhrt werden). ; 

2.) Sehr hohe Niederschldge, die in den Firnregionen von Hochgebirgsgletschern 
fallen. Hierbei bilden sich ebenfalls groBe Eismassen, die ihren AbfluB durch enge 
Hochgebirgstaler finden miissen, wobei sich die Blockbewegung entwickelt (Rakhiot- 
gletscher am Nanga Parbat und ganz allgemein alle kraftig vorgehenden Hochgebirgs- 
gletscher). 
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3.) Das Steilrelief des Gletscheruntergrundes. 

Im Karakorumgebirge entsteht die Blockbewegung der flachen Gletscherzungen 
durch den Absturz von Firnmassen und Lawinen iiber die hohen Steilflanken der 
Einzugsgebiete, an manchen Gletschern Norwegens sind hohe Eisbriiche die Ursache 
fiir die Ausbildung der Blockbewegung in den darunter liegenden flachen Gletscher- 
zungen. Hier ist also nicht die GréBe des Firnnachschubs aus den Ursprungsgebieten, 
sondern das Steilrelief des Gletscheruntergrundes von Bedeutung fiir die Entwicklung 
der Blockbewegung. Sie kann sich leicht extrem verstarken, wenn auBerdem noch 
erhéhter Firnnachschub iiber die Steilflanken erfolgt, wie es bei vorgehenden Karako- 
rumgletschern der Fall ist. 
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PHENOMENA ASSOCIATED 
WITH THE DEFORMATION OF A GLACIER BORE-HOLE 


MAYNARD M. MILLER 
Lamont Geological Observatory, Columbia University 


ABSTRACT 


A stress/strain analysis is made of the deformation of a 2-inch (I. D.), 245-foot 
length of jointed aluminum tubing inserted in a vertical bore-hole in the Taku Glacier 
of the Juneau Icefield, Alaska. The data embrace three years of consecutive 
measurement of the changes in azimuth and inclination of the tube in response to 
the glacier’s flow. The results are related to Glen’s and Steinemann’s exponential 
flow equations, as derived from laboratory tests on polycrystalline ice, and are com- 
pared with bore-hole and tunnel experiments conducted in glaciers of the Alps and 
Norway. The total depth of ice is known by seismic means. Although the tube 
penetrates only the upper one-quarter of the Taku Glacier, it is demonstrated that 
the periodic surveys permit a reasonable extrapolation of the differential flow velocity 
on a vertical line completely through the glacier. It is shown that with the internal 
movement dominated by continuous plastic creep, a supplemental longitudinal stress 
trajectory has been superimposed on the normal shear component of flow. In 
consequence, the low-gradient sectors of the glacier are characterized by a high 
proportion of basal slippage. This concept is corroborated by the «Block-Schollen» 
surface velocity profiles and by the existence of tectonic foliation and thrust structures 
in a narrow zone of discontinuous movement near the glacier’s margin. Certain 
anomalies in the bore-hole deformation (creep rate) are explained by configuration 
of the bedrock floor, and by measured physical differences in the structure of the 
glacier itself. Observed thermal anomalies on the profile are also considered. These 
are found to coincide with deformation anomalies and to indicate that zones of 
inhibited flow occur where colder englacial temperatures prevail. 


INTRODUCTION 


With a sufficiently high stressing condition the internal movement of a glacier 
can involye processes both of discontinuous shear and continuous flow (Haefeli, 
1952). The extent to which these mechanisms co-exist in a large valley glacier has 
been investigated on the Taku-Llewellyn Glacier system in Southeastern Alaska 
(Fig. 1). The study has involved determination of profiles of surface and englacial 
velocity. This has been accomplished by the periodic survey of lines of stakes and 
other markers on the surface, and by the measurement of changes in inclination and 
azimuth of an aluminum tube implanted vertically in the glacier. The phenomena 
associated with the deformation of this tube are discussed in this paper. 


RESEARCH SITE AND TECHNIQUES 


The main research was carried out on a low-gradient portion of the Taku Glacier’s 
névé near Camp 10 (Fig. 1), at a point 3 miles above the mean névé line and 16 miles 
above the terminus. The drill site (Station 10B, elev. 3600 feet) was on a horizontal 
movement profile, one mile out from the eastern margin in a sector where the névé 
was 4 miles wide and where the glacier’s depth had been determined by seismic 
means to be approximately 1000 feet (Fig. 2). A rotary drill 1ig was used to bore 
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Fig. 1 — Oblique aerial view of Taku Glacier showing tidal terminus in 1929. 


a hole 292 feet deep. A 2-inch aluminum pipe, in 10-foot jointed lengths, was inserted 
into the upper 245 feet of this bore-hole. (7) 

Broad and relatively level upland basins comprise most of the accumulation 
area of this glacier system. Scattered nunataks account for only a small proportion 
of the surface within the main névé area. Thus there appears to be little oppoitunity 
for the ice to be confined or blocked in its movement at depth. A « Block-Schollen»y 
type of flow profile is indicated both on the cross-glacier transect at the drili site 
(Movement Profile IV) and on another transect at 2600 feet elevation (Movement 
Profile II), 3 miles below the mean névé line (Fig. 3). On the margins of the glacier 
in the vicinity of Profile 1] (e.g. near Site 11A in Fig. 1), a sequence of closely-spaced 
tectonic foliation structures occurs in the ice, suggesiing that the marginal zones 
of high «mobility» on each side of the glacier may be explained by discontinuous 
laminar movement. 

In the central part of each transect, no appreciable discontinuous movement is 
indicated. This is corroborated in the bore-hole by the fact that in the core samples 
there was no evidence of over-thrusting. Also in these cores small-scale fracturing, 
such as that occurring in the marginal zones, appeared to be so restricted that it 
could account for little, if any, of the mass movement. On empirical grounds, therefore, 
uniform plastic yielding is considered as the all important mechanism of internal 
motion in the central part of this glacier. A similar conclusion was reached by the 


(*) For this research, a Pioneer Straight-line drill rig was employed, loaned by 
the E. J. _Longyear -Co. of Minneapolis, Minn. The drilling equipment and 
accessories totalled 8 tons and were delivered to the research site by ski-aircraft 
supporting the Juneau Icefield Research Project (Miller, 1951). 
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1950 TO 1953 GLACIER SURFACE MOVEMENT SURVEYS IN VICINITY OF CAMPS 10 AND II 


Showing Direction and Relative Magnitude of Average Daily Movement across Key Depth Profiles 
During Months of July and August. Velocity Scale Exaggerafed SOU X. (Nunatak outlines only 
approximate and base friangulefion nefwork diagrammatic) 


Fig. 2 


Jungfraujoch Research Party (Perutz, 1940, p. 134) on the Aletsch Glacier in Switzer- 
land, an ice stream of similar size and form to the Taku. 


DEPTH OF FIRN 


During the drill operations all core samples were structurally analyzed as they 
were brought to the surface. A continuous sequence of firn was identified down to 
120 feet. A relatively dense material (firn-ice?) was encountered below 85 feet and 
cores of what appeared to be mostly aerated bubbly ice were recovered between 
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Fig. 3 — Surface velocities in the Névé-Line zone of the Taku Glacier. 


120 and 140 feet. In this zone the cores were so crushed and distorted by the churning 
action of the drill that they wete difficult to assess. Below 140 feet, however, only 
solid ice was encountered. The thickness of firn is thus considered to be about 120 
feet, with an unexpectedly abrupt change indicated between the firn-pack and deeper 
ice at this site (Fig. 4). Evidence from elsewhere on the icefield has suggested that 
this sudden change is related to a pronounced alteration of climatological conditions 
during the early decades of the last century (Miller, 1956, ch. XII, B4). 


THE BoRE-HOLE SURVEYS 


The interior of the aluminum tube was surveyed with a magnetic inclinometer 
manufactured by the Eastman Oi] Well Survey Co. of Denver. Colorado. The shot 
points were spaced 5- to 20-feet apart along the tube. Pertinent statistics over a 
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38-month period are noted in Table I. The first survey was in August 1950 and the 
last in November 1953. At this time, the protruding top of the pipe was found to be 
excessively tilted down-glacier and to have become constricted by buckling somewhere 
in the upper 50 feet so that the inclination could not be measured at depth. Details 
of the surveys, and plan and cross-sectioned plottings of the results, have been given 


in previous publication (Miller, 1954a). 
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TABLE I 
Depth and Inclination Data on Taku Glacier Bore-hole Surveys 
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True Time Max. 
Vertical Increment Drift Survey Spacing; 
Date and Year Depth of Since Angle to Remarks 
Survey (*) Previous S.W. 
(in ft.) Record 
(months) 
22 Aug., 1950 245 — 1°10’ 20 ft. 
(at 102 ft.) 
11-17 Feb., 1951 244.96 6 2°00/ 5 to 20 ft. 
(at 94 ft.) 
17 June, 1951 239.95 4 3°00’ 15 ft.; protective casing 
(at 89 ft.) lost in bottom 5 ft. of 
pipe. 
14 Sept., 1952 222-13: 15 Fotis’ 10 to 20 ft.; only false 
: (at 84 ft.) bottom attained 22 ft. 
from true bottom of pipe. 
2 Nov., 1953 25 13.5 2 12 ft.; constriction in pipe 


at 25 ft. precluded deeper 
survey. 


Si iieelesie ee i ao ——————————————— 
(2) Reference plane, 15 feet above wooden drill platform (Fig. 4). 
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All readings are within the manufacturer’s designated accuracy of the inclino- 
meter and have been plotted as true deformation (Fig. 4). This is on the assumption 
of no differential horizontal or vertical movement between the tubing and its encom- 
passing firn or ice. Also duiing the three years of accumulation involved, the change 
in vertical position of the upper end of the pipe with respect to the regime surface 
was small. The survey depths in this figure are therefore based on the initial reference 
level as if it were the true glacier surface. 

At the time the pipe was installed, the maximum drift angle was 1°05’. When 
taking into account the down-valley glacier gradient (1° at Site 10B), the bore-hole 
was essentially perpendicular to the ice surface. This implies that all subsequent 
deformation of that portion of the pipe resting in solid ice cannot have been signi- 
ficantly affected by the initial alignment. 


THE VERTICAL VELOCITY DISTRIBUTION 


The deformation of the tube is considered to reflect the differential down-glacier 
movement of this ice mass at depth. A certain amount of vertical strain in the firn 
(compaction) may have accentuated the normal creep strain in the upper third of the 
tube, but this effect is considered slight. 

Between initial and final surveys, the top of the pipe travelled a map distance 
of 2250 feet down-glacier in the direction 130°T. The actual course was somewhat 
irregular, with a total surface movement of 2378 feet. The mean aunual rate was 
761 feet with a fairly uniform surface velocity prevailing throughout each year. 
The net rate of movement, however, was 10 per cent greater in winter, presumably 
due to the increased pressure of new accumulation. 

Over short periods, faster rates and changes in direction of surface movement 
occurred. This is illustrated by the 1952 survey which shows that between July 19th 
and August 26th the flow direction shifted nearly 40° to a more southerly course. 
According to the triangulation, which is believed to be correct, the surface velocity 
increased at the same time to 4.2 feet per day. The cause of this is not clear, but it 
suggests relationship to an increased measure of extending flow either due to a change 
of load or to the fact that the glacier passed over a different configuration of the 
sub-glacial floor. (*) 

The increments of relative movement between successive surveys at depth are 
illustrated in Figure 4. It is clear from this diagram that a somewhat greater flow 
rate occurs in the surface zone. In general, the vertical velocity distribution is similar 
to that measured in the upper half of the Jungfraufirn pipe in 1948-50 by Gerrard, 
Perutz and Roch (1952; v. inset in Fig. 4). Since there is a 1 to 10 horizontal exagge- 
ration in the Taku Glacier curves, it may be seen that the differential velocities are 
not large. The inclination measurements, however, are more detailed and indicate 
certain features not found in the Jungfrau profiles. 

Although the surface surveys show that the primary direction of mass movement 
is S.E. (down-glacier), the englacial surveys indicate that there is a marked lateral} 
component of differential adjustment internally, in a cross-glacier direction towards 
the N.E. This is expressed as a gradual leaning of the pipe, reflecting a tendency of 
the ice to be diverted into a broad marginal basin (Icy Basin, Fig. 2). Half a mile east 


(*) That abnormal «currents» or surges of flow may occur in portions of the 
glacier is suggested by the 1949 and 1950 velocity curves of Profile IV (Fig. 3). Note 
the narrow zone of faster moving ice, 2000 to 4000 feet west of Station 10B, a condition 
apparently not persisting into 1952. As discussed later, it is of interest to consider 
wheter such variations in flow rate bear any relationship to varying glaciothermal 
conditions. 
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of the bore-hole, the névé inclines abruptly into this depression so that the sub-glacial 
floor is also assumed to slope away from the longitudinal trend of the valley. Although 
at Station 10B the névé is relatively flat, half a mile to the west the gradient inclines 
in the opposite direction towards the center of the trunk valley. Thus the pipe would 
appear to have passed along the crest of a low threshold delimiting the western edge 
of the tributary basin. 

In order to distinguish the most significant trend of internal flow, the interplay 
of stresses resulting from the bedrock slope and configuration is briefly considered. 
For this purpose the tangent of the pipe’s tilt angle has been plotted as a function 
of depth (Fig. 5). Only those values with drift directions lying within 20° of the 
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cardinal directions N.E. or S.W. are used. Thus the figure represents the maximum 
deformation from the surface slope involved, and with the changes of inclination 
taking place in essentially one plane (the tilt angle in succeeding surveys increasing 
towards the southwest). The accuracy of the surveys is indicated to tan 0.0025, which 
is equivalent to the maximum percentage error in the inclination surveys. The results 
show that in this plane the /owesr 100 feet of pipe exhibit a much more uniform tilt 
than the upper 150 feet, a fact of considerable importance to the interpretations. 


TEMPERATURE VS. DEFORMATION ANOMALIES 


The most abrupt change appears as a flexure at 85 feet. It was at this depth that 
fiin cores began to change over to those of firn-ice and bubbly ice. It is concluded 
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that this flexure is largely the result of a relatively faster creep of firn over the deeper 
glacial ice, a condition not unlike that observed in seasonal snow-packs on bedrock 
(Haefeli, 1948). The flow pattern at shallow depth is complex, since a faster relative 
movement at the surface gradually decreases to a minimum at 45 feet and then rapidly 
increases again to a maximum at the 85-foot flexure. Such a reversal in flow gradient 
may be explained by the glaciothermal conditions indicated in Figure 6. Here 
the base of the annual cold wave in 1950-51 is shown te lie at 65 feet, which is equiva- 
lent to the CF level noted on the ordinate of Figure 5S. The marked increase in defor- 
mation at and below this depth would thus appear to be a correlate of the temperature 
condition —i.e. with more rapid flow in the underlying or isothermal part of the 
firn-pack. Glen (1955, pp. 528-9) has shown experimentally the great sensitvity of 
the creep rate to temperature. For example, according to his painstaking laboratory 
tests the minimum rate of strain (Y) of ice under constant stress (i.e. 6 kg cm—?) 
varies with the temperature (¢) in the ratio: 


t Y as a proportion of the value at 0°C. 
ee as 13.5% 
at — 6.7°C. 4.7% 
at — 13.0°C. AOA 


At an ice temperature of only 1°C. below freezing, the flow rate may be expected 
to be slowed down to approximately 1/5th that of conditions at 0°C. And at the 
maximum chill, shown in Figure 6 (—9.5°C.), the internal creep within the zone 
affected by the annual temperature wave should be less than 1/25th of that under 
the saine stress at 0°C. With these proportions pertaining under conditions of 
unchanging stress they should be considered only qualitatively. Fo: instance since 
the heat of deformation cannot escape from the interior of a temperate glacier, it 
may be generally assumed that there is local melting with a consequent weakening 
of crystal structure. It follows that the flow behaviour of an isothermal glacier will 
depend somewhat on its flow history, which in turn means that one field case may 
not be directly comparable with another. On the other hand, in an experimental 
thermodynamic treatment of the temperate state of ice, Steinemann (1957, personal 
communication) has found no reason to refute the simple extrapolation to 0°C. 
of flow data obtained under subfreezing conditions. 

Thus it may be expected that vagaries of the 10B tilt curve bear a strong relation- 
ship to the thermal conditions. A further review of the pertinent field data appears 
to bear this out. For instance, not only does the depth of maximum_annual penetration 
of the 1951 cold wave correspond with a pronounced flexure in the pipe, but also the 
slight temperature depressions noted at 80, 100 and i70 feet in Figure 6 lie at the 
C,, C, and C, flexure points in Figure 5. This suggests that entrapped sub-freezing 
temperatures may in fact play a part in the differential flow of firn-ice (and ice) at 
depth. (4) Further to this the zone of delayed chill, which was retained up until 
the end of spring between the 15- and 50-foot depths (Fig. 6), corresponds in position 
with the uppermost flexure in Figure 5 and hence lies at the horizon of least velocity 
change (v. line CJ). The noteworthy correspondence of these thermal anomalies with 
the most striking anomalies of deformation suggests not only a direct causal relationship 
but a similar temperature regime in each of the referenced years. 

Additional flexures occur in the tangent of the tilt plot at the 135-foot and 225- 
foot depths. Original alignment produced in the drilling may explain the lowermost 


(*) The correspondence of position argues against the possibility of these 
anomalies being due to thermistor error. 


444 


TEMPERATURE IN °C 
es atieg ole O esl Pees Om One 78 9 lO =I 12 713 e-14-lby 16 I7 


> 


0 7 June, /951- __ __2/ Feb, /95/ pal Sromsirh ac6. | (ales surface position 4 June, 1951) f 
ae ee Te 7 ap he area Da erie ar ST a cs 
: oS Multiple ablation surface 5 3 “23 Zone of diurnal he 
10= 28 Sept /950 o-. N SL, (101949 &1950) __4 a _ Land short term variation = 40 
(449 ableton surfoce|} ae e4 
eten” t ZS 
: g 
Zone of annual chi/l, JOSS 
walter 19$0-5/ (¢0 -9.§°C) = 
7° g 
Q 
ge x 
S 
60 - . ’ ; oe 3S 
Lower limit winter cold wave (28 Feb. ‘5/) = 
OO eee eee SCLC 
rt Z05— 10 woot 
rs 8 
=-60— By Ne 3 
Ss 90- y2 Static isothermal zone sé 3 
3 \ FIG 6 ns 
100 — ‘3 = 
i ENGLACIAL TEMPERATURE VARIATIONS °° 8 
N 
No 6 IN THE TAKU FIRN “eS 
ie Gey (gi Sel pera AT CAMP !0B (elevation approx. 3600 ft. above |.) 
msl.) JUNEAU ICE-FIELD, ALASKA < 
130— /6 160 2 
GLACIER $ 
140—- ICE — 9 feb 195! --— 4 June,/95/ 3 
oie 2 77) Mase Nal vata yeeetot ese, Be iF Q 
2/ ae Shee cee Wd , ” 
150 — ers 
50 ; ST, 28 ” = - 13 ” ” a> 
/6 ” ” 
160 — 
: mre () Sept. " 
170— 18 Meos -0.20°C. (pr. melt. temp-0.04°C.) / Sept. 1950 180 


Fig. 6 


anomaly, but that at 135 feet is more likely due to excessive bending of the pipe 
at the transition point between the firn-pack and deeper solid ice. (Hence referred 
to as the «buckle zone» in Fig. 5). The possibility is minimized, therefore, that either 
of these flexures bears any genetic relationship to a discontinuity in the thermal 
profile. 

It is of further interest that the dominant direction of surface movement given 
by the theodolite surveys is 130°T., while the englacial records show the maximum 
deformation in the direction 150°T. Most of the deformation may have occurred 
during those shorter periods when the pipe was transported along the more southerly 
course. However, it would seem more likely that a torsional stress has been set up 
as a result of the easterly component of firn creep acting on the top of the pipe in 
one direction while the southerly component of ice flow at depth affected it in another. 
A further possibility is that this effect is due to a vertical shear strain superimposed 
on the flow strain as a result of some settling in the firn. The resulting differential 
movement may have served to twist the top of the pipe in a counter-clockwise manner. 
Regardless of the actual nature of the stressing conditions, there is a marked diffe- 
rence in the recorded deformation of the lower half of the pipe imbedded in solid ice 
compared to that\in the upper half imbedded in firn. Therefore, only the data from the 
lower section are used as a key to the stress|strain conditions in the glacier as a whole. 


Creep RATE AS A FUNCTION OF LOAD , 

The data in Figure 6 show that the ice at depth in the 10B profile is essentially 
temperate — i.e. isothermal at the pressure melting point. The fundamental relation- 
ship as far as the creep rate is concerned is, therefore, the dependence of rate of strain 
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on the load. In the analysis the first step is to resolve the curves of Figure 5 into a 
figure of strain as a function of the stress. This is done on the assumption that ice 
behaves as a plastic solid and with the starting consideration that the strain rate may 
be calculated as a problem in pure shear (Nye, 1951). An admirable study of the 
creep of polycrystalline ice has recently been made on laboiatory samples by Glen 


(1955) who has shown that the rate of strain is basically the result of the thermal 


motion of molecules tending to re-arrange themselves in a pattern conditioned by 
the stress. That these laboratory tests serve at least as a working basis for the analysis 
of glacier flow has been reasonably demonstrated by the comparison of theoretical 
results with those achieved in field measurements from bore-holes and tunnels in 
Alpine and Norwegian glaciers (Nye, 1953). Accordingly, as was first suggested by 
Perutz (1950), the exponential relationship between the stress and the deformation 
per unit time is taken as: 


where ¥ is the shear strain, — is the shear stress in bars, k is a constant for any given 
temperature and is an empirical constant depending in large measure on the 
physical character of the ice (i.e. its texture, intergrowth complex, grain size, and 
preferred crystal structure). Also, the exponent n probably depends to some degree 
on the magnitude of the stress, a factor considered by some to be significant only 


d 
in very deep or otherwise highly stressed ice. (°) In this case is considered as the 


strain per year, and is designated as 7. The function is readily calculated as radians 
of angular deformation per year, since it is numerically equivalent to the tangent 
of the inclination angle 0 in Figure 5S. 

Although from Steinemann’s experiments (1954, p. 449) it must be expected 
that the power law used with a universal constant n can give no more than a good 
approximation of the true strain rate at depth (also v. previous footnote), it is probable 
that because of the simple form and known thicknesses involved in the Taku Glacier 
fairly representative results can be obtained through a measured mean value of the 
factor n. By applying the formula, therefore, it is considered that a reasonable deter- 
mination is made of the movement within the glacier. This computation should at 


(°) It has been mentioned that Glen’s experiments have demonstrated the rapid 
increase in flow near 0° C. This is because within the temperature limits 0.02° to 
—13.0° C. k is largely a function of temperature. For the temperature range from 
—1.9° to —22°C. and larger stress limits, Steinemann (1956, and personal com- 
munication) verified Glen’s general conclusions through compression and tension 
tests on polycrystalline natural ice (melted snow). As Glen has done, he distinguishes 
a secondary or quasi-viscous flow and a tertiary or paracrystalline* (metamorphic) 
flow. During the latter phase at varying stresses, he observed the structural behaviour 
of his samples to be unstable. He proposes that the tertiary flow is identical to processes 
in a glacier—apart from a supplemental stressing which would affect k and probably 
also the exponent n. From his considerations, for both stages the flow law would have 
an_exponent n which, depending on the stress, varies from 1.6 to 4 for stresses from 
0.7 to 17 kg cm—*. Additionally, Steinemann has evidence that the plasticity of single 
ice crystals is influenced by the type and magnitude of impurity in the water from 
which the ice has crystallized (a decrease in purity causing an increase in k). This 
effect, however, must be vanishingly small in the present field case, since the only 
significant impurities in firn and ice samples of the 10B bore-hole were chloride and 
NaCl in the minute proportions of 0.3 to 7.4 p.p.m. (Miller, 1953, pp. 33-36). 

In Glen’s laboratory experiments, at —0.02° C. and witha load of 1 to 10 kg cm—*, 
the constants were: n = 4 and k = 0.25. The values of each constant as used in the 
Taku Glacier analysis are discussed in the following pages. It will be shown that the 
value of n in this particular case approximates the mean of the range found by 
Steinemann. 
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least be more reliable than for glaciers of complex morphology. Also, by combininz 
the englacial moveinent data with the surface velocity and geophysically determined 
depth records, an assessment is made of the relative proportion of movement through 
slippage on the bed. 

The shear stresses indicated in the 1950-51 and 1951-52 regime years have been 
derived from the curves of Figure 5, assuming from the depth profiles that the glacier 
lies on a gently sloping bed without significant relief. The shear stress at each incli- 
nometer level is calculated from the basic formula in dynes cm—2: 


Tt = Dog sin « 


Where D is the depth in centimeters, 9 the bulk density of the overlying mass (°) 
% the surface gradient and g the gravitational constant. 

The results are shown in Figure 7 (Plot I) as a double logarithmic plot of the 
strain rate against shear stress. Two sets of curves (Ia and Ib) were obtained by taking 
the difference between the smoothed full-line curves of 1950-51 and 1951-52 in 
Figure 5, thus giving a comparison between .he englacial flow rates for the first two 
years of record. Since the concern of this paper is the strain relationship in solid 
ice, the plottings represent only the depths between 120 and 245 feet. (") The values 
obtained from the actual inclinometer readings are indicated by small circles in the 
figure to show the close agreement with the smoothed plot. It is of interest that the 
points in each year’s record are all on a straight line and that the shear stresses 
involved are all below 1 bar. (8) As was found by Gerrard, Perutz and Roch in the 
Jungfraujoch bore-hole (1952, p. 554), there is no indication of a sudden yield stress 
and the slope of each line is much steeper than would be the case were we dealing 
with a Newtonian liquid. In fact, by comparing the 1951-52 curve (line Ib) with the 
slope calculated by Perutz for the Jungfraujoch bore-hole (line II) we find very close 
agreement. This is of interest because the results both apply to temperate ice. 

It is of further interest to compare the Taku Glacier results with the compression 
tests carried out by Glen, and with the flow law derived by Nye (1953) from analysis 
of glacier tunnel measurements. The comparison is made in Figure 7, which shows 
a double logarithmic plot of che data for each of the other experiments, presented 
as a log of the strain rate against the log of the shear stress. To facilitate the comparison 
a plotting of the mean flow rate per year in the Taku Glacier example is also given 
for the interval 1950 to 1952 (line Ic). This may be considered as a measured mean 
creep rate at the bore site because of the uniform increase in surface gradient between 
these two years. In this figure, Y is shown as the angular shear strain rate as opposed 
to octahedral shear strain rate ¢. (9) The relation is v = 2¢. The minimum creep rate 
observed in Glen’s laboratory tests at —0.02°C, is shown (line“ilI) in comparison 
with the quasi-viscous creep rate (line IV, also from Glen’s experiments) and the 
flow law relationship after Nye (line V). The mean annual strain rate from the Taku 
measurements is closely parallel with that of line V, although representing a consi- 
derably lower range of stress. 

In each of these lines, a different value pertains for the empirical constants 7 
and k. From the cited laboratory test, the quasi-viscous line may be considered as 
the idealized relation in which the full stressing conditions are known. As such it 
provides us with an established reference, any deviations from which may be attri- 
buted to a difference in the law, or to the presence of extending and compressive 


(°) From graphic integration of field data and extrapolated density curves in 
the vicinity of the bore-hole. 

(7) An analysis of the strain relationship in the overlying firn-pack has been 
presented elsewhere (Miller, 1956, ch. IX, c-5). 

(8) i. e. 10° dynes cm—? ~ 1 kg cm—2 ~w | atmosphere. 

(°) Sometimes referred to as the «effective strain rate» (vy. Nye, 1953, pp. 478-9). 
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forces (Nye, 1952) which have not been taken into account. It is not to be expected 
that line I is analogous since, as one proceeds down-glacier from site 10B, there are 
an increasing number of tension crevasses across the line of flow. Additionally, 
there is an increase of 0.4° in gradient at the 1953 bore site compared to 1950. These 
facts, and the apparent twisting of the pipe as previously discussed, imply that 
the bore-hole was moving from an area of some extension to greater extension. 
In the Jungfraufirn, the rate of extension was measured as 14 per cent per year. The 
close agreement between lines Ib and II suggests that a similar rate of extension 
prevails in this sector of the Taku, where no such measurement has as yet been made. 
From these considerations it would appear that the pure shear analysis rather over 
_ estimates the relative importance of englacial shear stress. A comparison between 
theoretical and observed values is therefore useful for giving an estimate of the 
effects of extending and compressive flow. 

For the basic comparison, n and k are derived from line IV and from lines Ia, 
Ib and Ic in Figure 7. The value of n represents the slope of each line. The constant 
k is obtained from the fundamental stress/strain formula at the stress of 1 bar. Since 
the logarithm of | is zero, k is the ordinate at the point where the abscissa of any log 
stress/log strain rate line is zero. The constants in each of these cases and in the 
relationship given by line V are: 


Line Ia (10B, 1950-51) 4 
Line Ib (10B, 1951-52) l 
Line Ic (10B, mean, 1950-52 3 ean 
Line [V (Quasi-viscous creep rate, from laboratory tests) 4 
Line V_ (Flow law, derived from tunnel measurements) 3 


Although the mean value of 7 at site 10B is somewhat lower than the experi- 
mental quasi-viscous rate in compressive flow, it is in agreement with the exponent 
of effective shear stress found by Nye to pertain in the tunnel tests. This supports 
that the quantity » = 3 is of an order close to the average field condition usually 
found in low gradient temperate glaciers. Therefore, by assuming this value as 
reasonable, and by extrapolating the relationship of line Ic all the way to the base 
of the glacier, a determination is made of the total flow within the glacier. (It is reite- 
rated that this is on the ad hoc assumption that the simple power law for general 
analyses may be considered to govern the englacial deformation rate at depth.) The 
same is done for each set of data. For this calculation the difference is found between 
the plastic flow velocity at the measured seismic depth (Up) and the surface velocity 
{U,) at the top of the bore-hole. The relation is expressed by combining the empirical 
constants with the stress at this depth(D) in the manner suggested by Nye (1952, 
p. 86): 


k 
—= Sa) GAL 
LWis Up we T 


THE PROPORTION OF BASAL SLIDING 


As far as the total transfer of ice across this profile is concerned, the differential 
flow within the glacier is seen to be small between the base of the pipe and bedrock. 
This is well demonstrated in part II of Table II, and is a fact directly related to the 
low gradient in this sector. The effect of increased slope is illustrated by the figures 
based on the quasi-viscous creep law, showing an increase of | to 36 per cent of 
englacial movement with a change of surface gradient of only 1° to 3°. Thus, in 
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theory, there is verification of the small mass transfer accredited to differential 
movement on the pipe profile — i.e. in the upper quarter of the glacier. In contrast, 
there is the substantial surface velocity which must be explained. Since the calculations 
in Table If are based on what is considered a reliable determination of depth, the 
dominant translation of material is concluded to be from «sliding» of the glacier on 
its bed. (*°) On the Aletsch Glacier, near the Jungfrau bore-hole, the average gradient 
was 4.6°, with basal slippage calculated to account for about one-half of the surface 
velocity. On the Taku Glacier, which is similar in form, but with an average gradient 
of considerably less, a greater propoition of mass movement is by sliding. According 
to the mean calculated from the measured 1950-52 deformation (v. Part I of the table), 


TABLE II 


The Amount of Movement Within the Glacier According to 
The Measured and Theoretical Rates of Shear Strain 


eee Ee eee ee 


Movement Within Shear Basal 
the Glacier Stress Sliding, as 
on Bed Proportion 
(in (Gin % in bars of Total 
meters) of total) Movement 
I. According to extrapolated creep rate 
from pipe data 
1950-51 (line Ia) 166 76 0.51 16% 
1951-52 (line Id) 2. 5 0.51 92% 
Est. mean of Ia Ib _ _ _ 54% 
Calculated mean over 1950-52 (line Ic) 76.5 23 0.51 67% 
II. According to quasi-viscous rate from 
laboratory tests 
assuming 1° slope, as on seismic profile 1 j— 0.51 99% 
assuming 2° slope 17 qi 1.0 SBA 
assuming 2.5° slope 34 15 fee 85% 
assuming 3° slope 84 36 Bates) 67% 
III. According to rate found in tunnel 
measurements 4 
assuming 1°slope, as on seismic profile 4 1 0.51 98% 
assuming 2.5° slope 47 20 1D 80% 


(7°) The term «sliding», as hereafter used, is applied loosely since in some glaciers 
the movement can in large measure be due to intensified differential shearing in a 
thin zone of tectonic foliation close to the bed. The writer has observed such in a 
section one meter thick at the rock contact in the tunnel of Skautbreen, Norway 
(v. McCall, 1952, Fig. 5), and in sections up to 40 feet thick on certain Greenland 
glaciers. Such cases may be accentuated by a higher value of the k constant in the creep 
law, as a result of impurities in the water of the ice at the sole of the glacier (v. foot- 


note page 446). The effect is the same, however, as if yielding were by pure slip at the 
bedrock interface. 
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two-thirds of the down-glacier movement at Station 10B is due to bottom slip, or to 
basal shearing. This leaves one-third consequent on Hlowage within the main body 
of the glacier. These ratios are, of course, based on the mean surface slope of 1°. 
At the same gradient, the theoretical values are compared, including those given by 
Nye’s flow law (v. Parts II and III of Table I). On this hypothetical basis, 98 to 99 
per cent of the mass movement would be due to bottom slip and even by using the 
average overall gradient of the main branch of the Taku Glacier (2.5°), 80 to 95 per 
cent would still be accorded to basal slip. On empirical grounds, such high ratios 
cannot be justified on Movement Profile IV (Fig. 3). Therefore. the mean percen- 
tage of basal sliding calculated from the field measurements is considered to pertain. 
It is of interest that this value is 32 per cent less than that determined from the quasi- 
viscous rate. 


A TRAJECTORY OF LONGITUDINAL STRESS 


The actual extent to which bottom sliding takes place depends not only on the 
surface gradient but on the slope and roughness of the underlying topography, on 
the width and thickness of the ice in question, and on any blocking factors involved, 
such as a tributary glacier abutting against a trunk glacier at the junction of two 
valleys. All these elements, of couise, vary in different sectors of the icefield. Thus 
the amount of slippage on the glacier floor at the bore-hole is not to be construed 
as representative, even though for purposes of analysis this profile has been our 
essential concern. To illustrate this point a comparison is made with the transects 
on the main lower glacier. On Profile II an even higher ratio of sliding is calculated 
from the empirical law —i.e. 92 per cent. On another profile, two miles above the 
terminus, 54 per cent is indicated. The difference in these ratios may be explained by 
the narrower channel and increased depth of ice near sea-level. 

Substantial slippage and marginal shearing also take place along the edges of 
the glacier. This is suggested by the form of the transverse surface velocity curves 
in Figure 3. Additionally in support of the effectiveness of true bottom slippage 
are the following facts: (1) the deeply entrenched and U-shaped channel of the 
lower glacier (Fig. 1, especially the sector down-glacier from Site 11a); (2) a note- 
worthy display of deep grooving and lateral striations along the bedrock margins; 
and (3) the vast quantity of rock flour which is constantly silting into Taku Inlet 
along the lines of the glacier’s advancing front and which produces a characteristic 
milky color in the water of the fiord for some miles out. None of these conditions 
could develop without considerable abrasion from ‘the glacier’s actually sliding on its 
bed. 

As for the basic cause of the high ratios of slippage described, it is clear that 
low within the glacier at a slope of 1° is so small that other stresses than those explained 
by pure shear must be in effect. Any important influence by hydrostatic pressure is ruled 
out, on the basis that it is as negligible in ice as in liquids. (*1) The most significant 
supplemental stress can probably be attributed to a strong longitudinal force super- 
imposed on the normal laminar flow and produced by an excessive increase in accu- 
mulation on the higher névés of the Taku-Llewellyn Glacier system in the past 100 
years. To this stress tensor, and probably to an attendent increase in temperature within 
the ice itself, the phenomenal 20th-century advance of the Taku Glacier has been 
ascribed (Miller, 1954). 


(+) A conclusion cited as probable by Nye (1952, p. 82) and recently verified 
by Steineman (1956, personal communication) in laboratory tests at the Weissfiuhjoch 
Research Station. Steinemann’s experiments were made ina torsional-shear apparatus 
at a temperature of —1.9°C. and have shown that there is no influence whatsoever 
from confining pressure (up to 90 atmospheres) either on the actual flow rate in ice 
o- on the accelerating or decelerating phases of recrystallization. 
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THE MAIN PROBLEMS OF MODERN GLACIOLOGY 
IN THE LIGHT OF INVESTIGATIONS 
BY SOVIET SCIENTISTS 


P. A. SHUMSKY 


1. Formerly, glaciology was artificially confined to a study of glaciers. Modern 
glaciology studies all the ice on the globe —the Earth’s cryosphere, comprising 
atmospheric, river, lake and sea ice, snow cover, glaciers and motionless ground, 
and underground ice. 

2. Climate and ice formation cannot be tieated as a cause and its consequence. 
Ice formation in allits varieties and climate are a result of heat and moisture ex- 
change in the system: atmosphere—hydrosphere—lithosphere. 

3. The nature of ice formation on the Earth’s surface is, mainly, due to heating 
values and annual variations of heat loss, heat transfer and atmospheric precipitations, 
and in hydrosphere also by intensity of the water movement. 

4. Among the processes of ice formation and transformation the following 
stages should be distinguished: origin of ice crystals, their growth, accumulation 
of ice crystals which are disconnected in the course of their growth, their transfor- 
mation into a monolythic ice mass and subsequent changes of the latter. 

5. There are three types of formation of monolythic ice masses: 

a congelation — by water freezing; 

b) recrystallization — by accumulation of ice crystals and their freezing together 
without thawing; 

c) infiltration — by partial thawing, infiltration and freezing of melted water 
in pores of heaps of atmospheric ice crystals. 

6. In conformity with regular vertical and latitudinal measurements of a heat 
and water balance of the Earth’s surface, ice formation is distributed on the globe 
by zones. The Earth’s cryosphere (except atmospheric ice) consists of two zones: 
the upper recrystallization and the lower congelation separated by an intermediate 
infiltration zone. Below the permanent part of cryosphere there is a seasonal conge- 
iation zone. 

7. In regions of sea climate the congelation zone is narrow but in regions of 
sharply continental climate it replaces a probably disappearing recrystallization zone. 
Thus, cryosphere is of disymmetrical structure. 

8. The main type of ice formation in hydrosphere is periodically cracking or 
disappearing ice cover, chiefly of congelation origin. The recrystallization zone is 
within the limits of the continent but for a few exceptions. Continental products 
of ice formation in the recrystallization and infiltration zones are glaciers, and in 
the congelation zone — motionless ground and underground ice. 

9. Ice accumulating on the Earth’s surface in the recrystallization and infiltration 
zones is passing into lower zones of cryosphere or into the sea owing to its plasticity. 

10. In its movement glacial ice experiences various kinds of dynamic metamor- 
phoses, which often brings about complex tectonic structures but which does not 
completely eliminate the initial structural features. The structure of the upper layer 
of glaciers and glacial covers in respect to the supply depends on the nature of the 
primary processes of ice formation and varies with different glaciological zones. 

11. The temperature regimen of glaciers is extremely various and complex. 
It is determined by a surface regimen, different radiation and heat properties of snow 
cover, firn and ice, time variations of quite different mechanisms of heat loss in the 
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upper layers, a heat run-off, internal emission or tranfer of heat during its movement 
and the influence of the Earth’s heat flux. 

12. The character and intensity of geologo-geomorphological erosion and accu- 
mulation activity of glaciers depend on their morphological, dynamic and thermo- 
physical properties. 

13. Ice formation in the congelation zone exclusive of regions of the ablation 
of glaciers and glacial covers is represented by motionless ground ice of «snow areas» 
and hydroeffusions, and especially — by underground ice. The latter can be divided 
into three genetic groups: 

1) congelation ice, formed by freezing underground waters contained in not 
yet frozen rocks; 

2) cavern-lode ice formed from water and water vapours which penetrate into 
voids of frozen rocks; 

3) buried ice, the product of buried ground ice. 

14 The congelation ice comprises: concrete, lode, cegregation and injection ice, 
the cavern-lode. 

Buried ice is of glacial origin only and, as a rule, does not exist within the boun- 
daries of modern glacial regions. 

15. In motionless ice of the congelation zone the substance is temporarily excluded 
from the general water circulation whereas in underground waters it can be preserved 
for a long geological period. 

16. Underground ice and traces of its thawing is an important means in repre- 
senting the ice formation history as traces of geological activity of glaciers and ice 
covers. 

17. Cryosphere as a whole and its different parts constantly changing under 
the influence of general and local fluctuations of heat and moisture exchange. General 
changes are of main importance. They are likely to be caused by variations of solar 
activity through the intensification of the general circulation in atmosphere and 
hydrosphere. 

18. Due to more considerable changes of the atmospheric circulation in maritime 
regions and the influence of the surface ice formation in the recrystallization and 
infiltration zones on a heat and moisture exchange, general changes of solar activity 
cause much greater movements of cryosphere in maritime regions than on the continent. 

19. The invasion and retreat of ice formation take place simultaneously in both 
the hemispheres of the Earth. In the Antarctic cryosphere is at the lowest level, 
and the ice formation reaches the greatest size due to an optimum combination of 
oceanic conditions and the size of the continental foundation where the ice accu- 
mulates. NS 
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FEINBEWEGUNGSMESSUNGEN 
AN EINIGEN OSTALPEN-GLETSCHERN 


GERHARD LINDIG 
Frankfurt am Main 


ABSTRACT 


During the years 1953 to 1956 precise measurements of the velocity by means 
of a theodolite were performed on three glaciers of the (Etztal Alps. The observations 
made at regular intervals of half an hour to one hour during day and night gave up 
to now the following results. The Gepatsch glacier shows a strictly linear movement 
at the point of observation whilst the Hintereis and the Gurgler glacier had in addition 
superposed pulsations. Retrograde and short, jerky motions haye been observed. 


1. EINLEITUNG 


Die Lésung der Fragen, ob die Feinbewegung des Eises: 

a) kontinuierlich linear, 

b) kontinuierlich periodisch, 

c) ruckweise einsinnig in der HauptflieBrichtung oder 

d) turbulent 
ist, kann zur Klarung der allgemeinen Problematik der Gletscherdynamik, ob Block-, 
Viskositats- oder Plastizitatstheorie gilt, beitragen. 

In der Literatur finden sich Angaben iiber Messungen, die am Ende des ver- 
gangenen Jahrhunderts von Koch, Klocke und Pfaff durchgefiihrt worden waren 
(41, 2], (3) und [4]. Sie ermittelten unregelmaBig hin und her bezw. auf und ab fiihrende 
Eisbewegungen. In neuerer Zeit beobachtete Bauer in Grénland [*] und Millecamps [*] 
am Mer de Glace turbulenzartige Gletscherbewegungen. 

Die Messungsanordnung war mit Riicksicht auf den beschwerlichen Gerate- 
transport so einfach wie méglich vorgesehen, Mit einem Theodolit sollte am einen 
Gletscherufer in regelmaBigen Zeitabstanden der Winkel gemessen werden zwischen 
einer oder mehreren Marken auf dem Eis (Eismarken) und einer festen Mire im 
gegeniiberliegenden Fels. 

a) Als Theodolit mu8te ein méglichst genaues Instrument verwendet werden, 
welches jedoch nicht zu schwer sein durfte. Die Wahl fiel auf den Wild T2. 

b) Der Instrumentenstandpunkt muBte nahe am Gletscherrand auf gewach- 
senem Fels gewahlt werden und sollte méglichst tief liegen, um durch flache Visuren 
den EinfluB des Aufstellungsfehlers gering zu halten. 

c) Das schwierigste Problem war bei der Aufstellung der Eismarken zu losen 
da es fast unmdglich ist, einen Gegenstand iiber langere Zeit so fest mit dem Eis 
zu yerbinden, daB er absolut ohne Eigenbewegung bleibt. 

d) Die Mire als festes AnschluBziel mute genau wie der Theodolit in gewach- 
senem Fels angebracht werden. Fiir die Nachtmessungen war, wie bei den Eismarken, 
Beleuchtungsméglichkeit vorzusehen. 

Sowohl giinstige als auch ungiinstige Verhaltnisse wurden vorgefunden, wobei 
sich die iiberraschend geringe Gesamtbewegung der beobachteten Gletscher als 
besonders erschwerender Faktor herausstellte. Trotz gewisser Bedenken erklarte 
sich der Verfasser bereit, im Hinblick auf das Geophysikalische Jahr tiber die bis- 
herigen noch nicht abgeschlossenen Untersuchungen zu berichten. 
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2. GEPATSCH — FERNER 1953 [7], [8] 


Die Station befand sich etwa 2 km oberhalb des Zungenendes, d.h. etwa 500 m 
unterhalb des groBen Gletscherbruchs, auf der 1echten Seite im « Prallhang» der 
gekriimmten Zunge. Die Situation war besonders giinstig, da es méglich war, den 
Theodolit (Wild T2) in gleicher Héhe wie die Eismarke aufzustellen. Dadurch wurde 
erreicht, daB einesteils die Visierlinie nahezu hovizontal verlief und andererseits 
Eismarke und Mire so eingerichtet werden konnten, daB sie gleichzeitig im Fern- 
rohrgesichtsfeld erschienen. Die Winkelmessung konnte so mit dem Feintrieb allein 
vorgenommen werden. Bei allen Messungen wurden die Stativbeine nicht ausgezogen, 
um dem Theodolit weitgehendste Standfestigkeit zu verleihen und im Sitzen_ be- 
obachten zu k6énnen. 

Fir die Aufstellung der Eismarke sollte ein neuer Gedanke erprobt werden. 
Die Ausriistung bestand aus einem mit weiBer Oelfarbe gestrichenen Holzbrett von 
30 x 30 x 3 cm*® GréBe. in dessen Mitte die Marke aufgeschraubt war. Diese 
hatte die Form einer vertikal stehenden Scheibe yon 10 cm Durchmesser mit je zwei 
diametral-liegenden weiBen und schwarzen Quadranten, die nach Bedarf gedreht 
werden konnten. Im Mittelpunkt der Scheibe befand sich ein Loch von 1 em Durch- 
messer unter Plexiglas, hinter welchem das Birnchen fiir die Nachtbeleuchtung 
angebracht war. 

Das Brett wurde in eine genau nach seinen Ma&en quadratisch ausgehauene 
Grube etwa 10 cm tief im Eis versenkt und wieder mit Eisstiickchen zugedeckt, 
sodaB nur die Marke selbst herausragte. Mit Hilfe einer Dosenlibelle wurde das 
Brett méglichst genau horizontal eingerichtet. Der Anordnung lag der Gedanke 
zugrunde, daB das Brett nur vertikalen Druck auf das Eis ausiibte und daher auch 
nur in dieser Richtung einschmolz, wiahrend seitliche Bewegungen nicht auftreten 
konnten. 

Die Mire, welche als festes AnschluBziel in der gegentiberliegenden Felswand 
angebracht wurde, bestand aus der gleichen Scheibe mit Beleuchtungseinrichtung, 
die an einem kurzen Stab befestigt war und im Felsen mit Steinen verkeilt werden 
konnte. Drei gewohnliche, flache Taschenlampenbatterien, parallel verbunden, 
lieferten eine Nacht hindurch geniigend Strom fiir ein Lampchen. 

Die Messungen fanden vom 13. zum 14. 9, 1953 mit 4 Beobachtern in halb- 
stiindigem Rhythmus statt. Folgende Me8Bfolge war gewahlt worden: 


Mire — Marke; Mire — Marke; Mire — Marke. 


Der Winkel yy zwischen Mire und Marke wurde aus den Mitteln der drei Ablesungen 
gebildet und auBerdem zur Kontrolle des Bewegungsablaufes die Differenz 


AVS yrs) 
Diese ist gleichzeitig proportional der jeweiligen FlieBgeschwindigkeit im Halbstunden- 
Intervall. Sie war 


} 
im Durchschnitt 25,3 + 6,0 ee] 5 


h 
entsprechend 5,6 + tite 


mit den Extremwerten 14¢¢ und 42ce pro halbe Stunde. 


Der lineare MaBstab wurde durch Messen einer kurzen Vergleichsstrecke e bei 
der Marke und des dazugehGrigen Winkels «% in 5 Satzen bestimmt. 


Es ergab sich : e = 64.8 cm 
aH = 2945e¢ + 1, 6¢¢ 
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und damit der Umrechnungsfaktor 
(4 

Ke) == 0.20In I cc 
od 


sowie die Entfernung zur Marke 
s= 140m 


In der folgenden Tabelle 1 sind die beobachteten Y mit ihren zugehérigen Uhr- 
zeiten und mittleren Fehlern, welche aus den Beobachtungsdifferenzen errechnet 
wurden, angegeben, 

In Anlage I, Abb. 1 sind diese Werte graphisch aufgetragen. Sie zeigen einen 
uiberraschend guten, linearen Verlauf, wie er bisher noch nicht beobachtet wurde. 
Es 1aBt sich weder Abhangigkeit von der Lufttemperatur (am Instrument gemessen) 
noch von der Tageszeit feststellen, so daB die Theorie von den Tagesperioden zumin- 
dest fiir den speziellen Beobachtungsort als widerlegt gelten kann. 


TABELLE 1 
Beobachtungen Gepatsch-Ferner am 13. und 14.9.1953 


Uhrzeit Uhrzeit Uhrzeit 

oie Z i af ag 
von bis von bis yon bis 

h h g cc h h g cc h h g cc 
12.00 | 12.07 | 0,2392 + 2,5 | 20.30) 20.43] 0,1970 + 3,3} 5.00} 5.13] 0,1539-+ 2,7 
12.30. | 12.40 | 0.2371 -- 8,3-| 21.02) 21.11] 0.1933 + 2,7] 5.30). 5.39] 0,1520-- 5,3 
13.00 | 13.05 | 0,2344 + 2,9 | 21.30) 21.38] 0,1918+ 3,8] 6.00| 6.10] 0,1490+ 4,8 
13.32 | 13.38 } 0,2310+ 5,5 | 22,00/} 22.06] 0.1895 + 2,9] 6.34| 6.42] 0,1469-+ 3,9 
14.00 | 14.10. | 0,2295 + 5,3 | 22.30| 22.42] 0,1873 +.3,7| 7.03) 7.08] 0,1431+ 1,8 
14.30 | 14.37 | 0,2270-+ 5,0 | 23,00] 23.08] 0,1843+ 1,4) 7.31) 7.38] 0,1409-+ 2,6 
15.00 | 15.06 | 0,2249 + 4,2 | 23.30] 23.35] 0,1823 + 2,1] 8.00 | 8.10] 0.1381 + 2,4 
15.30 | 15.38 | 0,2224-+ 4,1 | 24.00} 24.12] 0,1797 + 6,3] 8.30] 8.40] 0,1343-+ 3,7 
+6.00 | 16.09 | 0,2201 + 5,7 0.30} 0.43] 0,1760-+ 4,4] 9.01} 9.10] 0,1323-+ 3,3 
16.30 | 16.37 | 0,2173 + 1,3 1.00; 1.10] 0,1744+ 4,2} 9.30| 9.40] 0,1308-+ 5,0 
£7.00 | 17.07 | 0,2143 + 2,4 1.30} 1.39] 0,1718 + 4,1] 10.00) 10.07] 0,1287+ 3,9 
17.30 | 17.38 | 0,2123 + 3.1 2.00) 2.09] 0,1698 + 3,0] 10.30; 10.37] 0,1265 + 11,0 
i8.00 | 18.12 | 0,2087 + 5,6 2.30} 2.40] 0,1665 + 3,7] 11.00} 11.05] 0,1244+ 4,1 
18.30 | 18.38 | 0,2061 + 3,9 3.00} 3.20] 0,1638 + 2,3] 11.30} 11.34) 0,1207+ 3,5 
19.00 | 19.10 | 0,2046 + 4,7 3:30} 3.42] 0,1612 + 2,2] 12.00} 12.04] 0,1187+ 5,6 
19.31 | 19.41 | 0,2026 + 4,6 4.00} 4.12} 0,1593 + 4,9 
20.00 | 20.21 | 0,1984 + 5,5 4.30} 4.41] 0,1564 + 3,0 


Um zu klaren, ob die tiberlagerten UnregelmaBigkeiten auf zufalligen Beobach- 
tungsfehlern beruhten, oder ob sich Schwankungen in der Mikrobewegung nachweisen 
lassen, wurden in Anlage I, Abb. 2 die Abweichungen von der ausgleichenden 
Geraden in 10fachen Mafstab aufgetragen. Die Buchstaben A bis D geben die 
verschiedenen Beobachter an, darunter stehend die durchschnittlichen Abweichungen 
in den einzelnen Abschnitten. Eine merkbare Systematik in Abhangigkeit vom Beo- 
bachter lieB sich nicht feststellen. 


457 


Abb. 2 


0 M Abo.3 


Anlage I — Gepatsch-Ferner 1953 


Die durchschnittliche Abweichung von der Geraden betrug dy = 4,9°¢. Demgegen- 
liber stand der Durchschnitt aller my aus Tabelle 1 mit my = + 4,0¢¢, der sich 
zusammensetzte aus den Richtungsfehlern 


fiir die Mire: m Mire = + 2,7¢c 
fiir die Marke m Marke = + 3,0ce = 


Der Unterschied zwischen dy und my kann in unregelmaBigen, vielleicht ruck- 
weisen Eisbewegungen begriindet liegen, es kénnen aber auch Eigenbewegungen 
der Marke oder andere Fehlerursachen sein. Nur mit einer zweiten, benachbarten 
Marke kénnte dies geklart werden. 


In Anl. I, Abb 3 ist der Versuch dargestellt, die Restkurve (Abb. 2) unter 
Berticksichtigung der mittleren Fehler der Einzelpunkte (Tab. 1) so weit wie diese 
es zulassen, zu linearisieren. Wenn dies Verfahren eine gewisse Zwangslésung darstellt, 
so zeigt es doch deutlich die Abweichungen, mit welchen mindestens gerechnet werden 
mu8. Man sieht, daB sie sich auf eine Ausnahme (08.30 Uhr) in der Gr6éBenordnung 
eines Millimeteis halten. Hier, wie bei allen spateren Untersuchungen wurde der 
Grundsatz verfolgt, daB, bis nicht das Gegenteil zwingend erwiesen war, lineare 
Bewegungen angenommen werden mu8ten; denn: Jeder lineare Verlauf wird durch 
zufallige Fehler in einen unregelmaBigen verfalscht, wahrend das umgekehrte unwahr- 
scheinlicher Zufall wire. 
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{fm haufigeren Auftreten des Vorzeichens « Plus» in der Differenz : 
3. Ablesung minus 1. Ablesung 
fiir die Marke machte sich der Einflu® der Eisbewegung wahrend der Messung 
bemerkbar. ; 


In Anlage II wurden fiir die Mire M, und die Marke M, samitliche Einzelbe- 
obachtungen zu ihrem ungefahren Zeitpunkt aufgetragen (fiir letztgenannte die Werte 


Anlage Il — Gepatsch-Ferner 1953. 


um den linearen Bewegungsteil reduziert) und die Einhiillenden um beide Punktscharen 
gezogen. Es zeigte sich ein merkwiirdiges Verhalten der Beobachtungen zur Mire. 
Als Ursache diirfte in gewissem Umfang die Horizontalrefraktion in Frage kommen. 
Die Kurve M gibt den Abstand zwischen den beiden vermittelnden Linien M, und 
M, an und entspricht ganz der Abb. 3 in Anlage I (allerdings invers). 

Ein Versuch zeigt, daB man iiberall zwischen die extremen Einhiillenden von 
M, und M, konstanten Abstand von 21¢¢ legen kann, mit Ausnahme des Abschnittes 
von 7.00 bis 9.00 Uhr. Dort aber zeigt die Marke und damit der Gletscher weiter einen 
gleichmdssigen Verlauf, wahrend die Unregelmdssigkeiten inden Visuren zur Mire 
liegen. Refraktion, schlechte Zielauffassung oder ungiinstige Zielbeleuchtung sind 
die méglichen Ursachen. Damit ist der Nachweis erbracht, daB die Messungen 
am Gepatsch — Ferner die Annahme eines streng linearen Bewegungsablaufes zulassen. 


3. HINTEREIS — FERNER 1954 


a) Unternehmen Schimpp — Rudolph (17.-20.7. und 3.-5. 8.53) 


Die Station befand sich in der Felswand etwa 30 m iiber dem Gletscher auf 
dessen linker Seite, wenig unterhalb der Einmiindung des Langtaufere1-Joch- Ferners. 
Durch diesen iiberhéhten Standpunkt wurden zwar Visuren dicht tiber dem Eis 
vermieden. aber es war nicht mehr moglich, Marke und Mire gleichzeitig ins Gesichts - 
feld des Fernrohrs zu bringen. Die beiden Ziele wurden jedoch so eingefluchtet, 
daB die Kippung des Fernrohrs geniigte, um von einem auf das andere Ziel tiberzugehen. 

Als Eismarke wurde ein Vierkant-Stab von 1 m Lange verwendet, der zunachst 
straff in einem Bohrloch sa8, im Laufe der Zeit jedoch etwas locker schmolz. Fiir 
die Nachtmessungen war an der, dem Instrument zugewandten Flachseite des Stabes 
eine Lampenfassung befestigt, die auch bei Tag angezielt werden konnte. Eine 
ebensolche Einrichtung war auch als Mire im gegentiberliegenden Fels angebracht 
worden. Die Entfernung zwischen Instrument und Eismarke betrug 


e = 376 mund damit k = 0,59™™/cc 
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Da die drei Beobachter erst Erfahrungen sammeln mu8ten, war keine einheit- 
liche MeBfolge angewendet worden. Sowohl die Zeitintervalle und Satzzahlen als 
auch die Beobachterfolge wurden 6fter gewechselt, wodurch sich die Auswertung 
erschwerte. 


Die Beobachterwechsel wirkten sich auf den mittleren Winkelfehler aus, der 
im Durchschnitt 


my = + see 


betrug. Es lieBen sich deutliche systematische Unterschiede zwischen den einzelnen 
Beobachtern feststellen. Aus den Messungen, die B und C gemeinsam durchfiihrten, 
lieB sich ermitteln : 


Beobachter B: syst. Fehler + 7¢¢ (n = 29) 
Beobachter C: syst. Fehler — 9,5c¢ (yn = 23) 


Dies zeigt, dass bei Beobachterwechseln besondere Vorsicht geboten ist und gegebenenfalls 
mit grosseren Abweichungen gerechnet werden muss. 


Die Messungen vom 3. bis 5.8.54 wurden auf Grund der Erfahrungen aus dem 


ersten Unternehmen mit homogeneren Beobachtungsreihen durchgefiihrt. Dadurch 
war der mittlere Winkelfehler mit 


MONG a rae spl Ee 


wesentlich kleiner. 


TABELLE 2 


Beobachtungen Hintereis-Ferner vom 17.—20. 7. 1954 


Sahay my, ug — eee 


Uhrzeit v | Beob- | n | Uhrzeit v Beob- n 
Mittel Mittel | achter | Mittel | Mittel achter | 
2 | ane pe : 
h | ce | h cc 
18.45 | 264 + 9.0 A 4 5.20 392 + 40 B,C 6 
21.00 | 268 + 5,5) BA |6| 7.00. | 4054 80 Beth 7 
22°50) 28692100 BAS te 8.40 | 408 + 7,0 CRs 
1.00 | 265 nasal) 4 © 40 44 ery s CB 5 
4.00 sled $4 ee, Peale al Palitee 4464+ 50 |. CB | 2 
7.00 | 306+ 20| A 12 1 111:40 431 + 4,0 B 4 
8.00 | 321 + 60| AB | 3). 13.00 | | 475 + 10,0 % bg 
90 | 319+ 90! AB | 41 14.00 449 + 3,0 B bn 
10.00 | 342+,40!] A,B 4] 14.20 470 + 3,0 Gs. Bis 
12.100 }735bb 7,09] << BA,G4-4,1 15.10 451 + 80 CBee 
13.10 | 336+ 3,0. |.- BAC; 1551 16:10 446 + 50 BiG Yoins 
14.10 | 344+ 30| Ac | 314-17.00 467 + 40 s | 4 
15.10» 113882 6,01) eB ha Gone eat 35 Oe eg 
16.10 | 3304+ 40) Be !4] 15.00 SAO e ee 4 
17.10; "| 344 Ae Ssoslewreg 4] 16.15 S56 SOUT ET | 6 
20.20 379 + 3,0} CB | 3 He 552 = 4:0—4 é: 7 
a a an 


ee ee ee ee ee 


’ 
Ba Nea j 


TABELLE 3 


Beobachtungen Hintereis-Ferner vom 3.—S. 8. 1954 


eee 


) | 
Uhrzeit v Beob- | n Uhrzeit Y | Beob- | D 

Mittel Mittel achter Mittel Mittel | achter | 

| 

Y i. 

h cc h cc 
16.00 7200 wT A 4 14.00 Sop aesel A 4 
18.00 729313 A 5 18.00" Moa: S642 Sc -2°9 A 5 

0:00 eh T19 er he TN 3 G00 mis ORE inde An) a2 

22.00 (31s 32 A 5 8.00 9544 4,3 Acari 8s 
DOO IGT eo tS |) ORY 5 10.00 1954 2h 20 A 4 
8.00 Bia? Se 24,7 A 5 12.00 | 968 + 5,9 A 5 
10.00 836 + 0,9 Ae Sal od 14.00 S16 ee Les Kap te3 
12.00 853 + 2,4 yg eee) 16.00 |}975 + 1,2 | A 4 

| 


Vorstehende Zahlenwerte sind in den Anlagen III und IV graphisch dargestellt. 
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Anlage II] — Hintereis-Ferner (Schimpp) 1954. 
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SALT RN ey ae Flt go pee 
i 6 12 18 24 6 12 16h 
4 4.8.54. | 5.8.54 


Anlage [V — Hintereis-Ferner (Schimpp) 1954. 


b) Unternehmen Lindig 


Da die eben beschriebenen Untersuchungen im Gegensatz zu denjenigen am 
Gepatsch-Ferner wesentlich gréRere Abweichungen vom linearen Verlauf zeigten, 
deren Ursache in der Anlage der Messungen vermutet wurde, sollte am 5. and 6. 
9.54 an der selben Stelle nochmals eine Beobachtungsreihe durchgefiihrt werden, 


Es war yorgesehen, Messungen vom Stativ mit solchen yom Pfeiler zu ver- 
gleichen. Zu diesem Zweck wurde mit Zement aus Felsbrocken ein etwa 1 m hoher 
Beobachtungspfeiler aufgemauert. In beiden Fallen wurden Wild T2 — Theodolite 
benutzt, Sonnenschirme verwendet und wiederum im Sitzen beobachtet. 


Um das Verhalten einer Stabmarke I im Gegensatz zur Brettmarke II zu klaren, 
wurden beide im Abstand von etwa 2 m hintereinander aufgestellt. Die Zielausbildung 
beim Brett hatte in diesem Fall noch nicht die endgiiltige, bei den Gepatschmessungen 
beschriebene Form, sondern bestand nur aus einer Fassung, in die je nach Bedarf 
ein Birnchen oder ein kleiner Holzkegel von 2 cm Seitenlainge eingeschraubt werden 
konnte. 


Die Messung erfolgte so, daB in einstiindigem Rhythmus Ablesungen in drei 
Satzen gemacht wurden, und zwar zuerst am Pfeiler und dann am Stativ, jeweils 
vom selben Beobachter. Die MeB8folge war 


Felsmire — Stabmarke — Brettmarke 
Brettmarke — Stabmarke — Felsmire 
Felsmire — Stabmarke — Brettmarke 


Vor Beginn jeder Messung wurden vorhandene Ausschlage der Alhidadenlibelle 


mit den Fu&schrauben sorgfaltig beseitigt, wahrend sie nach der Messung zur spiiteren 
Beriicksichtigung registriert wurden. 
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TABELLE 4 
Beobachtungen Hintereis-Ferner am 5. und 6. 9. 1954 
a a ee Se ie ee te re eee a 


Pfeiler : Stativ 
Uhrzeit Beobachter 
Stab I Brett II Stab I j= Brett il 
h oe cc cc ce 
13.00 1 Se Igy POE bese |) 7b 3e key |) 9oy Seis A 
14.00 TE SS P2Rs i TRIE Sess) Iie SE ZL G/aks a eek A 
15.00 733 + 3,1 TSB Se PO || ARIS aie lay | ae Koy Ve 7.3 A 
16.00 735 + 5,2 | 745 + 4,7 | 736 DD NST4D 39) A 
17.00 TAN 2,47 | 748 = 254 |-739 = 3,5 | 751 HE 61 A 
18.00 TAZ ot 750° 32)3,3" 1743 °2. 7455 750, 4 3,6 B 
19.00 (747) (753) zu dunkel | A 
20.00 737 + 0,9 | 750 + 2,5 A 
21.00 739 + 2,5 | 758 + 3,4 A 
22.00 741 + 0,9 | 771 + 1,8 Cc 
23.00 748 + 2,4 | 775 + 2,2 Ss 
24.00 746 + 4,5 | 763 + 4,5 B 
1.00 753 + 1,9 | 762 + 2,1 B 
2.00 759 + 2,0 | 770 + 2,0 A 
3.00 763 + 1,7 | 776 + 2,4 A 
4.00 767 + 2,3 | 782 + 2,0 A 
5.00 771 + 2,7 | 784 + 2,2 A 
6.00 777 + 4,1 779 + 4,0 A 
7.00 774 + 3,0 | 784 + 3,4 | 791 + 2,7 | 795 + 3,7 A 
8.00 779 + 3,8 | 777 + 3,0 | 780 + 10,8 | 791 + 10,0 B 
9.00 779 + 3,8 | 776 + 1,6 B 
10.00 783 + 2,3 | 794 + 3,3 B 
11.00 792 + 3,2 | 799 + 4, 800 + 4,7 | 810 + 5,2 A 


Im Durchschnitt ergaben sich folgende mittleren Fehler : 


TABELLE 5 
Durchschnittlicher, mittlerer Fehler 

| 
Stand Mire Stab | Y Stab Brett y Brett | n 

| ' 3 

| | 

cc cc cc cc cc 

Pfeiler | aie 1,9 =f 1,8 | SE Dall oe 1,8 | RS EE 2,8 De, 
Stativ Be 3,0 =e 2,4 SE 4,3 SIs 3,6 | + 4,7 9 
Stativ red. + 2,5 + 1,7 + 3,5 + 3,1 | + 4,2 8 

| | 


Die letzte Zeile « Stativ red. » zeigt Werte, die ohne die ausgesprochen groBen Fehler 
beim Beobachterwechsel um 8.00 h berechnet wurden. 
Die Ergebnisse der Tabelle 4 sind in der Anlage V graphisch dargestellt. 
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Anlage V — Hintereis-Ferner (Lindig) 1954. 


DISKUSSION DER ERGEBNISSE : 


a) Anlage Ill, Messungen yom 17.—20.7.54 


Im Gegensatz zu den Beobachtungen am Gepatsch-Ferner sind dem im ganz en 
linearen Bewegunsablauf UnregelmaBigkeiten liberlagert, die um das 10fache groBer 
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sind als dort. Es fragt sich, in wie weit die bereits geschilderte, inhomogene Beobach- 
tungsanordnung, vor allem die standigen Beobachterwechsel die Ursache dafiir 
waren. Auffallend ist in dieser Hinsicht das letzte Stiick der Kurve (20.7. 14-17 h)) 
welches nur von einem Beobachter stammt (vgl. Tabelle 2) und ruhiger verlauft. 
Um die selbe Zeit an den beiden Vortagen sind die starksten Veispriinge festzus- 
tellen, doch sind die Nachtbeobachtungen zu liickenhaft, um wirkliche Gegensitze 
verdeutlichen zu k6énnen. 

Auch hier wurde wieder die mittlere Fehler-Einhiillende gezeichnet, die zur 
besseren Ubersichtlichkeit fiir die Zeit 19.7 9-17 h weggelassen werden muBte. Hieraus 
konnte die mogliche Glattungskurve M entnommen werden, welche zeigt, daB nach 
Ausschaltung der reinen Beobachtungsfehler noch mit UnregelmaBigkeiten in der 
GroBenordnung von 10 mm gerechnet werden muB8. Riickliufige Bewegungen sind 
in vier Fallen als méglich anzunehmen. Da keine Vergleichsbeobachtungen vorliegen, 
ist nicht zu entscheiden, welcher Anteil eventuell der gelockerten Stabmarke zuzu- 
schreiben ist. 


b) Anlage IV, Messungen vom 3.-5.8.54 


ErwartungsgemaB zeigt sich entsprechend der einheitlicheren Beobachtungs- 
anordnung ein wesentlich ruhigerer Verlauf der Kurve. Obwohl wiederum erhebliche 
Nachtliicken zu verzeichnen sind, lassen die vorhandenen Beobachtungen linearen 
Verlauf in dieser Zeit vermuten. Bei Betrachtung der Glattungskurve M 1l4Bt sich 
keine riicklaufige Bewegung als zwingend entnehmen. Auffallend sind die beiden 
Maxima etwa um die Mittagszeit herum, die mit den entsprechenden am 18. und 
19.7. (Anlage III) zu korrespondieren scheinen. Andererseits kann man auch die 
ganze Kurve in zwei lineare Teilstiicke mit Knickpunkt am 4.8 um 12 h zerlegen, 
die einer Geschwindigkeitsinderung von V, = 112 mm/Tag auf V, = 68 mm/Tag 
entsprechen. Inwieweit diese Erscheinung vielleicht einem allmahlichen Neigen des 
Markenstabes zugeschrieben werden kann, oder ob es tatsachlich unterschiedliche 
FlieBgeschwindigkeiten sind, laBt sich mit dem vorliegenden Material nicht ent- 
scheiden. Die Forderung nach mindestens zwei Marken, die sich gegenseigtig 
kontrollieren, wird hierdurch erneut bestatigt. 


c) Anlage V, Messungen vom 5.-6.9.54 


Die Zeichnung zeigt yon ober nach unten: 


Glattungskurven M Stativ, Brettmarke = II 
» Stabmarke = I 

Pfeiler, Brettmarke = II 

» Stabmarke = I 

Originalkurven mit Einhiillenden, Stativ, Brettmarke = II 
» Stabmarke = I 

Pfeiler, Brettmarke = II 

» Stabmarke = I 


Zuniichst zeigen bis 19 h alle Beobachtungsreihen sehr befriedigende Uberein- 
stimmungen. Allerdings fallt auf, daB die Geraden von Stab und Brett deutlich diver- 
gieren. Es besteht entweder die Méglichkeit, daB die FlieBgeschwindigkeit auf so 
kurze Entfernung von 2 m zwischen V; = 50 mm/Tag und Vjy = 77 mm/Tag differiert 
hat, oder der Stab hat sich langsam aber stetig entgegen der FlieBrichtung geneigt. 

Zwischen 19 h und 20 h erfolgte das Auswechseln der Zielkegel gegen kleine 
Birnen, wobei beide Marken gegen die Vorwartsbewegung bis zum Anschlag angedriickt 
wurden. Der Knick in den Kurven ist deutlich zu erkennen. Von 20 h an liefen 
zuniichst wieder beide Marken linear divergent bis 23 h. Etwa ab 24 h setzte ein 
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heftiges einstiindiges Gewitter mit Sturmbéen, Regen und Hagelschauer ein, doch 
konnten die Beobachtungen dank der gut verankerten Schirme ohne Unterbrechung 
fortgefiihrt werden. Von diesem Zeitpunkt an pendelte die Brettmarke im Gegen- 
satz zum Stab mit einer Amplitude von etwa 7 mm hin und her. Eine méglicher 
Erklarung ergibt sich aus folgender Feststellung beim Abbau der Station: Die Grube 
im Eis zur Aufnahme der Brettmarken war bis zum Rand mit Schmelz- (oder Regen-) 
wasser gefiillt, so daB das Brett darin hin und her schwimmen konnte. Bei Verwendung 
einer Brettmarke muss daran gadacht werden, eine Abzugsrinne fiir das Schmelzwasser 
auszuschlagen. 

Der Genauigkeitsgewinn durch die Pfeilermessung wurde bereits in Tabelle 5 
demonstriert, so daB8 die Feststellung getroffen werden kann: Wenn es die 
zeitlichen und sonstigen Umsténde erlauben, lohnt es sich wohl, 10 kg Zement zum 
Bau eines Pfeilers auf die Station zu transportieren. 


4. GURGLER FERNER 1955 


Drei yerschiedene Eismarken waren hergestellt worden, um die beste Lésung 
fiir deren Aufstellung ermittlen zu k6nnen. Folgende Kombinationen wurden 
verwendet : 

I. Kegel: Diese Marke bestand aus dem (Seite 3) erwahnten 30 x 30 cm2 Brett, 
auf welchem in der Mitte ein Holzkegel von 10 cm Seitenlange als Ziel stand. Die 
Spitze dieses Kegels war aus Plexiglas gedreht und konnte abgenommen. werden. 
Darunter befand sich ein Hohliaum in welchem das Birnchen fiir die Nachtbeleuch- 
tung sa. Halb weiBer und halb schwarzer Oelfarbenanstrich erlaubte die Auswahl 
des giinstigsten Kontrastes. 

II. Stab: Die zweite Marke bestand aus einem weiBgestrichenen Hartholzstab 
von | m Lange und 3 cm Durchmesser, an dessen oberem Ende die bereits (Seite 3) 
beschriebene Zielscheibe befestigt war. Das Bohrloch wurde mit einem Eisbohrer, 
bestehend aus einem 1,50 m langen Stahlroh1 mit 4-5 scharfen Zahnen am unteren 
Ende, in etwa 5 Minuten hergestellt. 

Um den Stab herum wurde aus faustgroBen Steinen eine « Kiinstliche Mordne » 
aufgeschiittet um die Abschmelzung zu verringern. 

Il. Brett: Hiermit sei in Kurzform die Eismarke bezeichnet, wie sie schon 
(Seite 3) beschrieben wurde. Sie bestand aus einem Grundbrett mit vertikaler 
Zielscheibe. 

Diese drei Marken waren im Abstand von etwa | m in Dreiecksform aufgestellt 
und gegen die Mire eingefluchtet worden. A 

Die Entfernung betrug e = 543 m von der Station, die sich unmittelbar yon der 
Westwand des kleinen Zollhauschens unweit des Hochwildehauses befand. 

Die Messungen wurden am 2.-3.9.55 in einstiindiger Folge mit zwei Theodoliten 
Wild T2 auf Statiy nacheinander, teilweise mit verschiedenen Beobachtern und z.T. 
durch denselben Beobachter, durchgefiihrt. AuBerdem wurde ab 12.15 h an einem 
Instrument (Th.N.) mit Sonnenschirm und am anderen (Th.S) ohne einen solchen 
gemessen, um den EinfluB auf die MeBgenauigkeit festzustellen. Die Beobachtungs- 
zeit pro Durchgang betrug 5-7 Minuten. Es war die Frage, ob sich auch bei der sehr 
geringen Durchschnittsgeschwindigkeit von 18 mm pro Tag die Eisbewegung wahrend 
der Messung bemerkbar machen wiirde. Hierzu gaben die Beobachtungen yon 9 h 
am Theodolit Siid (Th. S.) aufschluBreichen Einblick. In der folgenden Tabelle 6 
sind diese Einzelablesungen wiedergegeben. Die MeBfolge war: 

1. Zeile: von rechts nach links 
2. Zeile : von links nach rechts und 
3. Zeile : yon rechts nach links 
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| TABELLE 6 


Auszug aus dem Messungsprotokoll vom 3.9.1955 


Instrument : Wild T2 (Stativ Siid) k = 0,85 mm/cc 

ne. 2 

Uhrzeit Mire Kegel Stab Brett Beo- Bemer- 

‘von | bis bachter | kungen 

h h g ce g cc g cc g cc 

1.22, 9.28,1,1729 |+ 2]1,2585 7). 1,2582 1-14) 142252 )-+14 Instrument 

| 728 + 3 587 + 5 6025/56 24 N=— 8a OA in der 
736 — 5 604 ak) 605: |==19 PAT Nee, 5) Sonne 


Mittel: 1,1731 + 2,5 1,2592 + 6,0 | 1,2596 + 7,2 | 1,2266 + 6,8 
861 + 6,5 865 + 7,6 Saye 7/3) 


TABELLE 7 
Beobachtungen Gurgler-Ferner am 2. und 3.9.1955 


Theodolit Nord Theodolit Siid 
| I it Hl I II | isa 
JUhrzeit| Kegel Stab Brett Uhrzeit Kegel | Stab Brett 
igen ce ce cc h | cc be ee | ee 
118.15 100 + 2,1} 100+ 2,0} 100+ 1,7 18.20 | 100+ 4,5 {100+ 4,7 | 100+ 4,5 
119.15 99 + 2,9| 100 + 2,7 99 + 1,8 19.20 98 + 3,0 91+ 4,5 Si + 3,4 
30.20 OF = 307101 4 158 104 = 2-1" |" 20:30 902 3,2'*) 80-5 2.6 92 + 3,7 
2A 13 105+ 5,0} 106+ 3,4) 114+ 3,2 220 95 + 3,5 86 + 3,4 | 87 + 2,3 
22.14 1107+ 3,2) 108+ 3,4) 113 + 2,0 22.21 95 + 3,3 87 + 3,3 93 + 3,2 
23.13 104+ 1,8] 105+ 2,2) 102+ 1,3 23220) 100 + 1,0 88 + 1,5 97+ 1,9 
0.40 |122+ 5,0} 120+ 5,3) 123+5,9 0.20 91 + 4,9 79 + 3,6 88 + 4,0 
1.15 117+ 5.6} 115+ 8,3] 109 + 7,6 1.30 107+ 5,4 100+ 3,8 | 111 -+3,3 
5 6110988 2,3 |e 1022.3 12107 4,01 © 2:23 1064-43 | 94443 | 106+ 4,6 
LOS 5,5 )o101 2-5, 5.10.99. 4+ 6,0 |c.3:25 (O0TES4 God, Se 4d ninsete 25 
4,15 95 + 4,1 98 + 4,2| 106 + 3,7 4.22 106+ 6,5 |104-+6,1 | 109+ 7,3 
5.17. | 89-44,8| 9443,3| 97448] 5.24 | 94+46,5 | 89432 | 9441,8 
.15 106 + 6,0| 108+ 4,8] 105 + 3,7 6.34 105+4,4 | 97+ 3,5 103 + 2,8 
TAS 114+ 1,4 QE Pe) 109 + 2,2 7.21 98 + 2,9 9i1+2,9 | 98+ 3,1 
8.15 105+ 1,0} 108-+0,8| 108 + 1,9 8.23 106 + 4,1 99 + 2,8 | 105 + 3,6 
9.15 112+2,7| 109+ 1,8; 111+1,8 9.22 127+6,5 |121+7,6 | 126+ 7,3 
10.13 122+ 1,8/ 118+ 3,6} 118+ 2,6 10.21 115 + 2,9 1112+4,6 | 120 = 2,9 
5 120.220,6 10417 =e 3,7) 112 46,7. .- 11-22 114£5,5 }1094+8,7 , 113455 
12.15 109+ 4,8; 111-+5,1} 122+ 5,2 12.25 | 108+ 4,1 98 + 4,5 | 112 + 3,2 
13.20 |108+4,0| 9642,2| 12644,5| 13.25 113 5 Se OS Oleh s eo! 
14.15 102+ 5,2) 109+ 6,9; 103 + 5,1 14.40 | 117 + 3,0 |114-++1,9 | 118+ 3,2 
15.15 | 9945,7| 11046,7| 111450] 15.25 | 10142,7 [111451 | 984 5,6 
16.20 |122+5,5| 136+ 3,4| 131433] 1625 | 126+43,3 [124+ 5,5 | 140 + 3,8 


; 18" 
18 7 2 4 2 ‘ 6 8 ia 2 “4 6 
q 3955 


Anlage VI — Gurgler-Ferner 1955, bs 


Wie man deutlich erkennt, muB& der Gletscher in der kurzen Zeitspanne zwischen 
der zweiten Ablesung zum Kegel (587) und der zweiten zum Stab (602) einen Ruck 
von etwa 20° bezw. 17 mm (die gesamte Tagesbewegung) ausgefiihrt haben. Die 
kleine Detailskizze oben links in Anlage VI zeigt den Bewegungsablauf, wie er sich 
abgespielt haben kénnte, wenn nicht zufallig, auBergewohnliche Refraktionsyver- 
hdltnisse diese merkwirdigen Beobachtungsergebnisse verursacht haben, da die 
dritte Ablesung der Mire einen, wenn auch kleinen Versprung von 8° zeigt. Ahnliche, 
jedoch etwas geringere Veranderungen als in Tabelle 6 traten bereits um 1.15 Uhr 
nachts am Theodolit Nord auf. Als Konsequenz wurde die MeBfolge ab 12.15 
Uhr geandert, indem jedes Ziel sofort nacheinander drei Mal eingesiellt und abge- 
lesen wurde, um die Zeitspanne pro Ziel méglichst kurz zu haiten. 
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Die Durchschnittswerte der mittleren Fehler zeigt Tabelle 8 


TABELLE 8 


Kegel | Stab | Brett 


Mire 
Stand 
Mr | my | my Mm mM; my Mm Mm, My | Mm 
| 
! ley | 
(ge cc (es cc (ee cc Ce CCH [PIECE cc 
Th. N + 2,5 |+ 2,6 3,8 3,4 D5 3,8 |+ 3,6 |+2,5 3,8 6,0 
ee 2,8 2,8 4,1 |-+ 2,5 2,9 |+ 4,2 By) 233) a3 58 145353 
Hierin bedeutet : 
m, = Fehler der Richtung zu den einzelnen Zielen 
m, = Fehler des Winkels zwischen Mire und Marke 
My», = Fehler der einzelnen Marke gegeniiber dem Mittel aus drei Marken. 


Anlage VI zeigt neben den Einzelbeobachtungen : dieses Mittel S aus den drei 
Markenablesungen am Theodolit Siid, dasselbe Mittel N fiir Theodolit Nord, die 
Kurve S + N als das Mittel aus S und N und schlieBlich die Glattungskurve M. 
Fiir die jeweiligen drei Messungen mit Theodolit S bezw. Theodolit N lassen sich 
gewisse Parallelitaten erkennen. Auffallend ist, da8 Th. S. ein viel unruhigeres Bild 
lieferte als Th.N., was mit den gréBeren Fehlern in Tabelle 8 iibereinstimmt. Wie 
die mittleren Abweichungen m,, zeigen, die in ihrer GroSenordnung mit den my, 
libereinstimmen, meist sogar kleiner sind, kann angenommen werden; da8& die 
Differenzen zwischen den drei Marken im wesentlichen auf zufalligen Me8fehlern 
beruhen. Vergleicht man allerdings in den Zeitpunkten 14” und 154 die Kurve 
Th. S II mit Th. N II, so ist dort eine Eigenbewegung der Marke oder der ortlichen 
Eispartie sehr wahrscheinlich. 

Ein etwas klareres Bild liefert der Vergleich der beiden Mittelkurven S und N, 
die gewisse Parallelitaten erkennen lassen, obwohl noch eine ganze Reihe Diskor- 
danzen iibrig bleiben. Diese verringern sich allerdings betrachtlich, wenn man einige 
AuBenseiter weglaBt, die in drei Fallen durch Beobachterwechsel und um 9 h durch 
den oben besprochenen « Ruck » bedingt sein kénnen. Der durch die gestrichelten 
Kurvenstiicke dargestellte Verlauf laBt bereits eine gemeinsame Tendenz erkennen. 

Die restliche Diskrepanz kann im Nacheinander der Messungen an den beiden 
Instrumenten begriindet liegen. Dies gewinnt dann sehr an Wahrscheinlichkeit, 
wenn man die Mdéglichkeit kurzfristiger, sprunghafter Bewegungsvorgange anerkennt. 
Besonders bemerkenswert ist in diesem Zusammenhang der eindeutige Sprung von 
durchschnittlich 25¢¢ = 21 mm, den alle 6 Beobachtungen zwischen 15h und 16h 
zeigen. 

Uber die Kurve der Gesamtmittel S -+- N entstand schlieSlich die Glattungskurve 
M, wobei ein mittlerer Fehler von 2°¢ zugrunde gelegt wurde. Auch hier ist eine Art 
pulsierender Bewegung mit einer Amplitude von etwa 10 mm brig geblieben. Dieselbe 
GréBenordnung wie beim Hintereis-Ferner ! Dieses Pulsieren scheint demnach unab- 
hangig von der FlieBgeschwindigkeit zu sein. 
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2 
& |Uhrzeit 
‘a 


TABELLE 9 


Beobachtungen Gurgler-Ferner yom 22.—26.8.1956 


Wild T3 (Pfeiler) 


Wild T2 (Pfeiler) 


\ 


Kegel Stab Brett Beob. Kegel Stab Brett Beot 
ce CCmmal cc CG cc cc 
2218: 100 -+- 3,3} 100+ 3,2/ 100-+2,8 | A 
101 + 3,0 100+3,1 | A 
23.8 98 + 2,0 
138 + 8,5} 136+ 3,0] 136+2,3 | A 
123 = 1,6) 1371943522 8. A 
24.8. 140+ 0,8} 146+ 1,6] 150416 | A 
140+ 0,8) 148+ 1,6] 148+1,.6 | A 
141+0,9| 150+ 1,2] 150+0,9 | A 
14 1,5) 154-4131 155 ON ok 7 
145 + 1,3).1544-1.3} 1644427 | “4 
143 11,5] 15741,2] 15641,5 | A 
147+ 1,7] 1614+ 1,8] 156+1,8 | A 
153+ 0,7] 163+ 0,8] 168+1,2 | A 
14435 13 | 1502 1A eet A 
144+ 1,2] 154+ 1,7] 158412 | A 
14440,9] 158-4 1,2] 162+1,0 | A 
146+ 1,3} 156+ 1,5] 162+1,3 | A 
145 + 1,8 152+ 3,2| 157+1,5 | A 
135+1,9| 1454+0,8| 144108 | A 
145 + 0,9 153/32 0.9e 0° A 
25.8. 142 + 1,0| 15822 1-0.) A! 
147+ 0,9 166-+0,9 | A 
153 + 1,0| 170 Alc A 
157+ 0,9) 8 le Er a 
150 + 1,2 459.4 0:9. “fA, 
148 + 1,4) 163 + 1,5|,157-41,3 |- A 
148 +. 0.6] 175+0,7/ 175+0,7 | A | 
154+ 0,7| 168+0,8| 17141,0 | A it 
150+ 1,3} 166+ 1,3] 174413] A 
165+ 0,8| 177+0,8| 174+0,7 | A 
IS6--2.O,7 1752-081 115.8 ee . 
163+ 0,7) 181 41,2) 182-406 | A —}-+6s0 3.1) 181 4-97 182 2.8 | 
166 + 1,5) 182+ 1,5] 180420 | A | 1644. 3,2| 1814 2,4] 193419! B 
168+ 1,5) 179+1,7) 18241,5 | A | 1834.26 197 1,6) 207 3,1 }) am 
165 + 1,6) 17741,9/17741,2 | A | 15846,9 182+ 6,6} 874+7,2| Be 
168 + 2,4) 180+ 2,0] 17741,9 | A | 172427 186+ 2,3} 9343.8! B 
165 + 1,9|-187 + 1,7} 185 1,8 | B | 
170 + 2,0} 1854 3,4) 1834+2,3 | A | 172420] 184+ 153] 95432] Bm 
169352183 ES 1862215. iB | / 
167 41,4) 182 41,1) 180420 | A | 172-4491 197 + 2,2| 205-4 2.7| 
165+ 1,6] 182+ 2,3| 186414 | B 
173 + 3,2) 185+1,9| 182421 | A | 174420) 194+ 2,0] 202+22| B 
167-4 1,7] 18642,2| 1854-1,7 | B | | 
171 + 2,7} 186+ 2,0| 186419 | A | 166+4.3,7 1954+4512024+46| B 
26.8. 187 4 2;7).197 1,7} 2024 1,2 | oA, -1784b-2,8 | 205 -|- 4,9 204+3,1| B 


5, GURGLER — FERNER 1956 


Die erneuten Feinbewegungsmessungen am Gurgler-Ferner sollten zur Klarung 
folgender Fragen beitragen : 


a) Es wurde vermutet, da8 die auffallend geringe Flie8geschwindigkeit von ca. 
2 cm/Tag, wie sie im Vorjahr ermittelt worden war, vom zufalligen Aufstellungsort 
der Marken abhing. 


b) Um die MeBgenauigkeit noch weiter zu steigern, sollte neben einem Wild 
T2 auch ein Wild T3 verwendet werden. 


Die Messungen konnten in der Zeit vom 22.-26.8.56 dank der Unterstiitzung 
durch den Deutschen Alpenverein durchgefiihrt werden. Als Pfeiler fiir die Instru- 
mente dienten die massiven Fensterbanke des Zéllhauschens beim Hochwildehaus. 


In der Entfernung e = 530 m (k = 0,83™™/cc) waren wiederum die drei Eis- 
marken: Kegel = I, Stab = II, und Brett = III in Dreiecksform von 56 bis 90 cm 
Seitenlange aufgestellt worden. Die « kiinstliche Morine » um den Stab herum wurde 
noch starker als im Vorjahr ausgelegt. Die Mire stand genau an derselben Stelle 
wie 1955. 


Durch zeitweilige heftige Schneestiirme, Regenschauer und Nebel sowie andere 
Umstande, waren die Messungen sehr stark behindert worden, so daB sie nicht 
liickenlos vonstatten gehen konnten. Es gelang jedoch, mit dem T3 und zwei Marken 
1,5 Tage lang im stiindlichen Rhythmus durch einen Beobachter zu messen. An der 
dritten Marke fiel fiir 6 Stunden die Beleuchtung aus. Dariiberhinaus gelangen vor- 
und nahher noch einige Ablesungen in unregelmaBigen Abstanden, so daB insgesamt 
eine Zeitspanne von 3,5 Tagen iiberbriickt werden konnte. 


Als MeB8folge war folgendes Verfahren gewahlt worden : 


Mire — Stab Brett Kegel Mire, 


wobei jedes Ziel fiir sich dreimal nacheinander eingestellt und abgelesen wurde. 
Die Mirre wurde deshalb am Anfang und Ende jeder Reihe eingemessen, weil ein 
Fehler in der Visur dorthin in die Ergebnisse aller drei Marken eingeht, und falschlich 
eine gemeinsame Bewegung vortauscht. Es blieb problematisch, wie man bei gréf8eren 
Differenzen zwischen Anfangs- und Endablesung zur Mire die Winkel my bilden 
sollte. Hier wurde auch in diesen Fallen das Gesamtmittel aller sechs Ablesungen 
verwendet. 


Die Fehlerrechnung lieferte folgende Ergebnisse : 


TABELLE 10 


Ergebnisse der Fehlerrechnung 


| | 
Mire | Kegel Stab | Brett 
Stand ea 

my, Ms, mr; | mr; | my my | My my | My 

cc cc cc | cc | cc | cc | ce cc | cc 
T3 ie3 1,1 | +1,1 | 12) +1,7| +1,2 | +1,6 | +0,9 | +1,5 
T2 49.6 Vo 233 3 Aah ceed 21-13, 0. sh 22h 5 

| | | 
| | | \ 


Die Fehler m, beziehen sich auf das erste und m, auf das zweite Beobachtungs- 
Tripel zur Mire. Wenn diese 6 Beobachtungen einer homogenen MeBreihe zugehéren 
wiirden, mtiBte m, kleiner sein als m, und m, und theoretisch etwa -+- 0,8°° betragen. 
Der tatsachliche Wert m, = + 1,1¢¢ enthalt also auch den Einflu® der « Pfeilerdre- 
hung ». Von der absoluten Sicherheit der Visuren zur Mire hangt das Ergebnis einer 
ganzen Untersuchung ab. Es hat sich gezeigt, daB bei ungiinstigen Sicht- und Beleuch- 
tungsverhaltnissen die Mire nicht immer gut einstellbaz war. Es ist daher vorgesehen 
den Durchmesser der Zielscheibe fiir die Mire von 10 cm. auf 20 cm zu vergroBern. 
Ihre unveranderliche Aufstellung mu8 durch genaue Beobachtung (in mehreren 
Satzen) des Winkels zwischen der Mire und einem guten Hochziel yor Beginn und 
nach Beendigung eines Unternehmens kontrolliert werden. 

In der Anlage VII ist der Teil. welcher zusammenhangend in stiindlichen Mes- 
Sungen ermittelt wurde, graphisch dargestellt. Im Vergleich mit den Ergebnissen 
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Anlage VII — Gurgler-Ferner 1956. 3 


der Jahre vorher 1aBt sich eine Steigerung der Parallelitat der drei Marken-Bewegungen 
feststellen. Fiir die restlichen UnregelmaBigkeiten bleibt die Frage offen: Sind es 


a) Eigenbewegungen der Marken 
b) Detailbewegungen der Eispartien oder 
c) kurzfristige Ruckbewegungen? 


Bei zukiinftigen Messungen gilt es zunachst einmal den Fall a) auszuschlieBen, 
indem Marken verwendet werden, deren Stab nicht aus Holz besteht, sondern aus 
einem weifen Kunststoffrohr, in dessen Inneren eine Kaltemischung (Bis-Salz 0.4.) 
das Festfrieren der Marke bewirken soll. Ein noch zu erprobender Strahlungsschutz 
mu dann das erneute Lockerschmelzen verhindern. 
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Erst wenn a) unschadlich gemacht ist, kann mit Hilfe flachenhaft verteilter 
Marken und zweier Theodolite, an welchen streng gleichzeitig aber in gegenlaufiger 
Reihenfolge beobachtet wird, Fall b) von c) getrennt werden. 

So lange noch so groBe Differenzen zwischen den Messungen mit T3 und den- 
jenigen mit T2 zu verzeichnen sind, wie sie Anlage VII fiir die Zeit 25.8., 11-19h 
demonstriert, kann noch nicht von eindeutigen Ergebnissen gesprochen werden. 
Als Hauptursache diirfte wohl die bereits erwahnte unsichere Mireneinstellung ange- 
nommen werden. 

Zuerst miissen diese Unterschiede aus einer Mefreihe verschwunden sein, 
ehe es Zweck hat, die zweidimensionale Bestimmung des Bewegungsablaufes in 
Angriff zu nehmen, die zeigen kann, ob die Pulsetionen in Wirklichkeit einer flachen- 
haften Turbulenz entspiechen. Beim Vorwartseinschneiden der Marken von einer 
Standlinie aus miissen die bisher noch nicht getilgten Fehler zu einem starken seit- 
lichen Hin- und Herspringen der gefundenen Markenorte fiihren, denn der meist 
unvermeidliche spitze Schnittwinkel der Visuren bewirkt, daB® sich die Fehler mit 
dem Cosecans dieses Winkels vervielfachen. Einige Versuchsmessungen 1955 und 
1956 haben diese Tatsache bestatigt. 


Der obere Teil der Anlage VII gibt noch die Mittelkurven T3 und T2 sowie die 
Glattungskurve X-Y fiir die T3-Beobachtungen. Ein Vergleich (zum Beispiel) zwischen 
dieser und T3 II zeigt, daB sich die zufalligen MeB&fehler nur noch gering auswirken. 

Um nun noch den Bewegungsablauf iiber den ganzen Beobachtungszeitraum 
zu zeigen, sind in Anlage VIII auch die Steumessungen aufgetragen. Der Abschnit 
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Anlage VIII — Gurgler-Ferner 1956. 


X bis Y ist dabei (etwas generalisiert) der Anlage VII entnommen. Wiederum ergibt 
sich das Bild von « langatmigen » unregelmaBigen Pulsationen mit Amplituden von 
etwa 10 mm. 

Fiir die Station 1956 hat sich nur eine geringfiigig gréB8ere Durchschnittsge- 


schwindigkeit 

von V 1956 = 24™™/Tag 
gegeniiber Vil955— Loh mya: 
ergeben. 


Wenn trotz erwaihnter Schwierigkeiten viele Probleme gelést werden konnten, 
so war dies vor allem den Mitarbeitern zu danken, die an den oft strapazidsen Tag- 
und Nachtmessungen mitgewirkt haben. Weitere Untersuchungen werden folgen, 
um die angedeuteten neuen Lésungen zu erproben. 
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ON THE DEFORMATION OF EXCAVATIONS 
IN THE GREENLAND NEVE 


JOSEPH K. LANDAUER 
U.S. Army Snow Ice and Permafrost Research Establishment Corps of Engineers, 
U. S. Army Wilmette, Illinois 


ABSTRACT 


Deformations occurring in a tunnel, two trenches, and a 30 m deep pit excavated 
in the Greenland névé in the summer of 1954 have been measured over a period 
of 2 years. 

The experimental results indicate that closure rates increase with lateral distance 
from a restraining boundary up to distances of about 1 m. At larger distances, the 
effect of the boundary is not appreciable. Closure rates for deep excavations are not 
found to be strongly depth-dependent. This is due to a roughly parallel increase of 
viscosity and pressure with depth. Vertical compaction results from the pit agree 
well with those calculated from the depth-density relation using Sorge’s Law. 

A theoretical calculation for the tunnel and pit closure, which is a modification 
of existing theories for the deformation of an elastic, compressible. thick-walled 
cylinder, is in fair agreement with the observed deformations. From this agreement 
it appears that the flow behavior of the névé can be described on the basis of a 
Newtonian viscosity. 

The trench closure is described as the squeezing out of horizontal layers, fixed 
at some distance from the trench, and modified only slightly by the drag of 
neighboring layers. 

Measurements will be continued during future summers. 


INTRODUCTION 


The deformations of excavations in the Greenland Ice Cap are of interest in that 
they provide information on the lifetime of installations and, of more fundamental 
importance, they lead to an understanding of the plastic nature of the ice cap. 
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Fig. 1 — Location of deformation measurements at experimental site. 
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The tunnels, trenches, and pit under study were excavated in the summer of 
1954 at a site about 200 miles east of Thule, Greenland, at an elevation of about 
6800 ft above sea level. Details of the excavations can be found in Sipre Report 
20 (Snow, Ice and Permafrost Research Establishment, 1955). A diagram of the 
experimental site is shown in Figure 1. The instrumentation was installed during the 
summer of 1954 and readings were made biweekly for one year. After the summer of 
1955 no measurements were made until the summer of 1956. More readings will 
be taken during future summers. Two years of data are reported on here. 

Deformation measurements were made at various locations in order to find 
the effect of differing boundary conditions. Eight locations were chosen in the tunnel 
to obtain the closure rate as a function of distance from the end. In the north-south 
trench, closure rate was determined at five distances from lateral restraining panels, 
and in the east-west trench values were found under three types of roof-loading 
conditions. Location of the measurements in the tunnel and trenches is shown in 
Figure 1. The deep pit was instrumented for measurement of lateral closure and 
vertical compaction. 

Measurements were of two types. The closure rates were determined by measuring 
the separation between 1/4-in. wood dowels driven about 20 cm into the snow. A 
sliding rule gave values of the separation reproducible to + | mm. Compaction 
was determined by a wire and dial arrangement which indicated the separation 
of two pegs. Recorder wire was run from one peg around a bearing on the 
second peg. Changing the distance between pegs caused a rotation of the bearing 
which could be read to + 1 deg. This gives an accuracy of + 0.1 mmin the compaction 
values. A wire from the bottom to the top of the deep pit was used to measure the 
total compaction of the pit with an accuracy of several millimeters. 


MEASUREMENTS AND RESULTS 


Tunnel 


The tunnel was approximately cylindrical and consisted of two sections. An 
inclined section, 7 ft in diameter and 30 ft long, led to an 8 ft diam, 30-ft long, hori- 
zontal section, the center of which was 20 ft below the August 1954 surface (see 
Fig. 1). Four peg pairs were placed on the horizontal, vertical and 45 deg diameters 
at eight locations. The coding scheme for these measurements is shown in Figure 2a. 


pk ae 
0) = CODE FOR TUNNEL PEGS. 
(LOOKING DOWN TUNNEL ) 
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® 

AUG 54 SNOW SURFACE - AUG 54 SNOW SURFACE 
i ae i CS E Yi 
| 

4.9m iB 
2.9m 4 He 
7m 
Fig. 2 — Trench and tunnel measurements. August 1954 dimensions are given. 
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The values of most fundamental interest are in the horizontal sections, as the 
inclined section was influenced by the adjacent trenches. Closure was determined 
at several distances from the end wall (see Table 1). Deformation curves as a function 
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Fig. 3. — Tunnel deformation (3a, 3b, 3c, and 3d). 
478 


of time are given in Figure 3. During the first year, measurements were made about 
once a week. In order to facilitate plotting, these are shown by the month. Only 
slightly greater scatter is observed on the complete plots. In Table I the closure 
rates for the second year are given. The strain rates based on these values have been 
obtained by dividing the second year closure rates by the average diameter of the 
tunnel at the corresponding points. 

The end wall of the tunnel was instrumented with vertical and horizontal dial 
sets. The horizontal dial stuck occasionally and gave reliable data only for short 
time intervals. Therefore, the value indicated may be inaccurate. The vertical dia- 
meter gave consistent values for the entire 2-yr period. 

In August 1956 density profiles were taken near section E in the tunnel. Vertical 
cores were taken in the floor and roof and a horizontal core at the level of peg pair El. 
The density values are shown in Figure 4, where they are compared with the density 
expected if no tunnel were present. 
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Fig. 4 — Tunnel density profile near section E, for August 1956. Bold dashed line 
shows average density to be expected if no tunnel were present. 


North-south trench 


Three tiers of restraining panels were installed along part of the north-south 
trench wall. These were arranged so that horizontal closure was restricted but vertical 
motion was nearly unrestrained. In this way the panels were more or less free to settle 
vertically as the snow compacted. Three horizontal rows of pegs were used to measure 
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Fig. 5 — North-south trench deformation. (Sa, 5b, and 5c). 
TABLE I! 
North-south trench closure x 
Location Closure rate for second year (cm/yr) 
Horizontal distance from Position z 
fixed panels (m) 1 2 3 
AA 3.66 10.6 9.1 4.6 
A 2.44 12 9.6 4.6 
B {| ae 10.1 8.3 35 
Cc 0.61 8.8 6.6 3.0 
D 0.30 6.5 Sil 2.6 
E South end of end panel 4.5 1.1 0.4 
F North end of end panel 335 3.0 2.8 
G Center of central panel 3.3 2.8 De]. 
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the closure as a function of distance from the panels. The code for these pegs is shown 
in Figure 24, and the data is plotted in Figure 5. Closure rates for the second years 
are shown in Table II. It can be seen that the restraining panels were not absolutely 
rigid but allowed some small closure. 


East-west trench 


The effect of three different roof-supporting conditions on the closure of the 
east-west trench was determined. In section A, the roof panels were laid directly on the 
snow. Closure rates were measured below the center of this section. In section B, 
roof panels were supported by rigid columns resting on the trench floor. Measurements 
were obtained at the center of this 14-m section of supported roofing. At the west 
end of the trench, a single column supported a 4-ft diam. circular plate, forming 
section C. Four pairs of pegs were placed in hard snow layers at depths as shown 
in Figure 2C. The closure data is shown in Figure 6 and closure rates for the second 
year given in Table III. 


TABLE III 


East-west trench closure 


EEE 


Location Second year closure rates (cm/yr) 
Position 
1 2 3 4 
Initial depth (m) Tle! 2.6 3.4 4.6 
1956 depth (m) 3.3 4.5 553 6.3 
A de, 13.8 1253, 6.9 
B 8.9 14.8 12.4 7.8 
EG 10.5 13.0 933 6.8 


Deep pit ~ 

A 30.5-m deep pit, about 2 m square in cross-section, was instrumented for both 
horizontal closure and vertical compaction. The closure was measured at seven 
levels (Table IV). Closure data is shown in Figure 7. 

Vertical compaction between selected levels was measured with the dial sets. 
Because of sticking (and the subsequent need for resetting), these results were obtained 
only for the first year. The strain rates for December 1954 and June 1955 are given 
in Table V. The June 1955 strain rates are plotted in Figure 8. 

The overall vertical compaction was measured by a long wire fixed at the pit 
bottom and running over a pulley at the top. The measured velocities were 64 cem/yr 
as of December 1954; 48 cm/yr as of June 1955; and 49 cm/yr as of May 1956. Because 
the pit is inclined 15 deg. from the vertical, it follows that the vertical compactive 
velocities are as shown in Table VI. 
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Fig. 7 — Deep pit closure. 
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Fig. 8 — Vertical strain rates in the deep pit for June 1955. The solid curve is 


plotted from Eq. 3 and the observed depth- density relation. 


483 


TABLE IV 
Deep pit closure rates. 


Depth below snow surface 


July 54, Aug. 56 Second year Strain rate for 
Position measured calculated closure rate second year 

(m) (m) (cm/yr) (yr—!) 
ANS 1.04 Sait — — 
BNS 3.11 5.06 4.3 0.023 
CNS 6.40 8.05 QT. 0.013 
DNS 10.50 12.08 1.65 0.008 
ENS 14.50 16.01 2.0 0.010 
FEW 20.50 21.98 NS) 0.009 
GEW 29.00 30.42 1.8 0.012 

ee 
TABLE V 


Vertical compaction in deep pit 


ee ee ee 


Position Initial depth Calculated depth Strain Rate 
of layer below _ of center of layer Dec 54, June 55, Calculated 
July 54 surface June 55 measured measured from Sorge’s 
(m) (m) (yr—!) (yr—!)  Lawusing Eq. 3 
Girt) 
ask 2.1-3.8 3.9 0.085 0.060 0.052 
Pe 3.8-4.7 5) 0.053 0.034 0.039 
|p 3! 4.7-5.5 6.0 0.059 0.040 0.032 
P 4 5.5-6.7 7.0 0.033 0.023 0.026 
iid? 5) 6.7-7.8 8.1 0.032 0.023 0.020 
P 6 7.8-8.5 9.0 0.022 0.019 0.018 
P 7 8.5-10.3 10.2 = 0.022 0.015 
P 8 10.3-11.3 11.6 — 0.010 0.012 
P 9 11.3-13.6 13.2 0.013 0.013 0.011 
PPO 13.6-15.2 15.1 — 0.0 0.009 
Pit 19.7-21.9 DI FS) 0.009 0.0086 0.006 
Pri 22.7-24.2 24.1 0.008 0.0054 0.006 
Pa 26.6-28.2 28.1 0.007 0.0067 ~ 0.005 
TS ee 


TABLE VI 


Overall pit compaction 


OR ON 


Vertical compactive Strain rate 
Date velocity (cm/yr) (yr—!) 
Dec 54 66 0.022 
June 55 49.5 0.017 
May 56 50.5 0.017 


$$$ ie tee eae se 
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THEORETICAL DEVELOPMENT 


Sorge’s Law 


At the location of the test site, melting is a very infrequent phenomenon and 
the snow can be considered dry. There is good reason to believe that no significant 
climatic changes have occurred over the period of its accumulation. As reported in 
StprE Report 20 (p. 14, 32), the average accumulation, A, is 41.5 g/cm2-yr and the 
temperature of the snow pack at depths below 10 m is T = —24.4 C. The depth- 
density relation for the upper 50 cm can be expressed approximately as: 


Y = 0.492 + 5.26 x 10—3z—0.152 E—0.2172 (1) 


where ¥ is the dens:ty (g/cm) and z the depth below the surface (m). This relation 
implies that the density at a particular depth is independent of time, which is a 
statement of Sorge’s Law (Bader, 1954). The pressure for any depth to 50 m can be 
calculated fairly accurately by integrating Eq. 1. The depth-time of deposition curve 
can be obtained from the relation: 


Zz 
C= At { ydz (2) 
J 
0 
where o; is the vertical pressure (g/cm?) at a level deposited ¢ yr ago. 
Levels originally measured below the 1954 surface were deeper in 1955 and 
1956. The velocity, dz/dt, of any point relative to the surface is given by: 
dz/dt = Aly 


The vertical strain rate, ¢,, derived from the above relation is: 


d dz A dy 
Ses dz ae whe mak 7? dz ; © 


éz is plotted as the solid curve in Figure 8. 


Equations 1 through 3 are consequences of an equilibrium condition on the 
ice cap. Evidence supporting this will not be presented here; Sorge’s Law will be 
taken as an assumption. 


Deformation of a cylindrical tunnel in a viscous compressible medium 


Nye (Nye, 1953) has treated the closure of tunnels in ice on the basis of flow 
of an incompressible material whose strain rate varies as a power of the stress. 
Snow, being compressible, must be treated differently. Further, for simplicity, a 
linear flow law is used. (It will be shown later that this assumption leads to adequate 
agreement between theory and experiment.) Assuming, then, that snow deforms by 
Newtonian flow, the deformation of a cylindrical tunnel can be calculated from the 
equations already developed for long, thick-walled, compressible elastic tubes by 
replacing the elastic parameters with viscous ones. An additional assumption is that 
the density and pressure of the snow are constant in the region where the stress distri- 
bution created by the tunnel is not negligible. As usual, it is also assumed that the 
snow is homogeneous and isotropic, and end effects are neglected. 

The solution for the elastic case involves a radial stress, o,, which decreases from 
the value p at the inner boundary to zero at the outer boundary. For the tunnel, 
the radial stress must be zero at the inner wall and equal to a constant compressive 
value, p, at sufficiently large distances. To obtain this condition the deformation for 
an internal radial stress, —p, is calculated using the modified elastic equations, and 
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to this is added the deformation resulting from a constant stress, p, not varying with 
radial distance. This additional stress contributes a component which is the same as 
if no tunnel were present. 

According to Hill (1950, p. 108) the radial displacement, wu, in a long thick- 
walled cylindrical tube of inner radius a and outer radius 5, for a compressible elastic 
medium is: 


(1 + v) p 
———— p 1 2v) r + 67/r 4) 
u Ve, +E @a—p i ree bir] ( 
where r is the radial distance from the tube axis,/v is Poisson’s ratio, E is Young’s 
modulus, and p is the internal pressure. The tube axis is in the / direction and g, 


is the strain in that direction. If 6 is taken very much larger than a, and uw is calcu- 
lated at distances small compared to b, Eq. 4 reduces to: 


ufr = — ve, + (1 + y) pa®/Er? (5) 


The change to viscous parameters is effected by replacing u/r by the strain rate 
es ¢, by the longitudinal strain rate, &)3 and E by the viscosity, 7, multiplied by 
2 (1 + vy) (Love, 1926, p. 104). The plastic analogue of Poissons’s ratio, m, defined 
as the negative of the ratio of the uniaxial strain rate in the direction of the stress 
to that normal to it (Sipre Report 7) replaces |/y Therefore, for a viscous, com- 
pressible tube with infinite outer radius, the radial strain rate under internal pressuie 
will be: 


é, = — &,/m + a®p/2nr? (6) 

At the tube wall, r = a, and Eq. 6 becomes: 
—€, = &Jm — p/2n (7) 
Due to its essentially horizontal surface, the ice cap deforms only. by settling 
and in the absence of a tunnel the only strain is oe the z direction being vertical: 


The vertical stress, O,, is given by Eq. 2. The horizontal stress, Gy is such that the 


horizontal strain is zero. By analogy to elastic theory, the ratio of the two stresses 
is (Appendix Case II): 


0/0, = 71 (8) 
A hydrostatic condition holds only for m = 2 (the value for ice); the deviation from 


hydrostatic is great for light snows. 
At an angle, 0, to the vertical, the radial stress component is: 


o, (0) =a, cos? + 3, sin?O 
Using Eq. 8 this becomes: 
Oh. (0) = [(m — 2) cos?0 + 1]o,/(m — 1) (9) 


G, (9) is the stress which occurs when no tunnel is present or av a large distance from 


the tunnel. Therefore, the boundary conditions will be satisfied if the internal 
pressure is taken as: 


Dis s0. (9) (10) 
The calculation of E, is based on the result obtained for the elastic thick-walled 
tube that the longitudinal stress, om is constant over the section (Hill, 1950, p. 107). 


Since the longitudinal stress is o, at a large distance from the tunnel, it follows 
that 5, =9,,. The longitudinal strain rate is, therefore, equal to zero. 
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The viscosity is determined from the rate of compaction of the snow in the 
absence of a tunnel. A correction to the observed ratio of vertical stress to strain 


must be made to compensate for the confined condition (Appendix, Case II). Hence 
the viscosity is: 


N = (m— 2)G,/2 (m— 1g, (11) 


In Table VII values of depth, density, o,, and 7 are given. The viscosity as a function 
of depth is given in Figure 9. 


0.2 0.4 0.6 08 1.0 1.2 1.4 us 


pe 
o 
oe 
fe) 
a 
~— 
> 
= 
n 14 
eo) 
Oo 
n 
5 
n= 183 xi0'%e 8° © 
3 © 
F x 
® 
io q 
1s i} ly 
075 07065 06 055 05 0.45 0.4 0.35 
¥, DENSITY (g/cm?) 
eee e dt Wee — 2S Ee Eee J 
40 30 20 10 5 2 | 0.5 
z, DEPTH (m) 
Fig. 9 — Viscosity calculated from Sorge’s Law using observed depth- density values 


and corrected for lateral constraint. 


The radial deformation component due to the constant stress term, ¢ By cos0) 
must be added to Eq. 7. Using Eqs. 7, 9, 10, and 11 (for ¢,), the final expression 
for the tunnel deformation becomes: 


Soyer 1 
sien ae (cos?@ + cos8 + ~——3) (12) 
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TABLE VII 
Average parameters for Site 2. 


z, depth below vy comm calc. * m, 71, calc. 
snow surface (m) (g/cm*) (kg/cm?) exp.t (poise) 
0 0.340 0 7.4 —~ 
1 0.375 0.037 6.8 00.52: x 10% 
2 0.405 0.078 6.4 0.15 
3 0,429 0.118 6.1 0.30 
4 0.449 0.160 5.8 0.52 
5 0.468 0.203 5.6 0.82 
6 0.482 0.250 5.4 jl 
8 0.507 0.350 5.2 2.4 
10 0.533 0.452 5.0 4.1 
15 0.574 0.730 4.6 10 
20 0.600 1.016 4.3 19 
30 0.653 1.641 4.0 34 
40 0.706 2.318 3.6 52 
7 Front Bqs2: 


tFrom Srpre Report 7. 


DISCUSSION 


Tunnel 


Referring to Figure 3 and Table I, the general tendencies evident in the tunnel 
deformation are: 

1. Closure rates for the two oblique diameteis do not show any trend in their 
differences except in the regions influenced by near by trenches. In the uninfluenced 
region, the two can be considered the same. The assumption of horizontal isotropy 
is strengthened by this observation. ¥ 

2. The end wall restrains the closure for only a short distance. At a distance 
of 1 to 2 m the closure rates reach values that do not increase for greater distances. 


3. The compactive velocity on the end wall is somewhat gfteater than that 
determined at the same level in the deep pit. This can be explained by the stress 
concentration on the end wall of the tunnel. 


4. Closure along the vertical diameter is about three times faster than along 
the oblique diameters. 


5. Closure rates for the horizontal diameters are close to zero with some values 
being negative. , 

The closure theory presented in the preceding section can be applied to the tunnel 
As an example, for position E of the tunnel, as of the summer of 1956 the center 
was 7.6 m below the surface. Reference to Table VII provides the parameters at 
7.6 m for the solution of Eq. 12. The result is: 


—e, = 6 X 10—!° (cos? + cos + 0.3) sec -1. 
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The values for 9 = 0°, 45°, and 90° are: 


—Eq = 3 
Position 6 theoretical observed at 
(sec—!) E (sec—!) 
3 0 [AE 101035 Xa 10 
2.4 45 9 10 
1 90 2 —().9 


Certain of the assumptions made are probably responsible for the discrepancy between 
observed and calculated results. The use of the thick-walled cylinder theory for tunnel 
deformation implies that the tunnel is away from the influences of the surface and 
that the medium is isotropic and homogeneous. The ratio of depth below the surface 
to tunnel radius is actually about 8 to 1. Since the stress drops off as a?/r?, the first 
assumption should be adequate. Measurements on the physicai properties of the snow 
indicate that anisotropy exists for small samples but is not too great. The overall 
condition is entirely different in that the density varies in the vertical but not in the 
horizontal direction. The viscosity over the tunnel varies from 2.2 = 10% to less 
than 0.05 x 1014 poise at the surface. Because of the lower viscosities above, actual 
vertical closure will be greater than the value calculated using the viscosity value 
at the center of the tunnel. 


Trenches 


Figures 5, 6 and Tables II, III show that the trenches close at a greater rate 
near the center than at the roof or floor. Restraint by these more or less rigid boun- 
daries reduces the motion from the unrestrained value. 

Over the two years of study no significant differences appear between the three 
boundary conditions on the roof sections of the east-west trench. This independence 
may not hold in the future when the overburden of snow has increased. 

In the north-south trench, lateral constraint reduces the closure at distances 
up to about 1 m. This is consistent with the observations on the constraint produced 
by the end wall of the tunnel. 

Closure of the trenches apparently takes place by lateral expansion of the hori- 
zontal layers, modified to some extent by the drag exerted by neighboring layers. 
Each layer remains fixed at some distance from the trench but is free to move at the 
trench wall. The relative amount of movement, ¢ yp is found for the semi-compactive 
case (Appendix, Case III) to be — oe = 6,/2my. The observed trench closure rate, 
V, must be normalized by some distance, d, to give a strain rate that can be compared 
with ¢,. The lateral strain rate is then : 


—éy = V/2d. (13) 


dis of the order of the effective distance of disturbance due to the trench. Note that 
the trench closure is independent of its width. From Table III, the closure rate in 
the east-west trench is about 14 cm/yr at 4.5 m depth and about 12 cm/yr at 5.3 m. 
The calculated values of ¢,, interpolated from values in Table VII, are 2.5 x 10—!0 
sec—! and 2.2 x 10—!0 sec—! at these depths. From Eq. 13, the two values of d 
are 9.0 m and 8.5 m, respectively. 5 
The trench deformation concept presented above, in which the deformation 
rate of a horizontal layer is roughly independent of the motion of its neighbors, 
leads to a somewhat large value for d. Closure measurements on deeper trenches 


should be made in order to verify Eq. 13. 
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Deep pit 


Lateral closure of the pit is roughly constant with depth (see Table IV). These 
results are understandable; although the load increases with depth, the viscosity 
also increases. Calculation of the closure rate can be made using the tunnel theory. 
For this application the square cross section of the pit is assumed circular with its 
diameter equal to the side of the square. In Eq. 7 the longitudinal strain rate for the 
tunnel, Ey is replaced by: 


€, = (m— 2)a,/2y (m — 1) 
(Appendix, Case II), and the normal stress at the tunnel wall, p, is replaced by-oy. 
The constant radial stress, p, is also replaced by oy and, therefore, contributes no 
deformation. Equation 7 becomes, using Eq. 8, 
—¢g =-—,. (14) 


Comparison of — Eq calculated from the parameters in Table VII, with the obser- 
ved values in Table IV shows: 


Observed closure rate eo Calculated 
Position (sec—!) (sec!) 
BNS tS So 4.3 « 1010 
CNS 4.1 2.8 
DNS DES (NET) 
ENS 3A 1.4 
FEW 2.8 12 
GEW 3.8 1.2 


In converting the observed closure rates to strain rates the width of the pit was 
used as the equivalent of the diameter in the theoretical calculation. Therefore, the 
observed strain rates will be somewhat greater than the calculated ones, although 
this effect is not sufficient to account for the total difference between these values. 

Observed and calculated vertical compactive velocities are compared in Table Y. 
The 1955 overall strain rate for the pit of 0.017 yr—! agrees well with the value 0.015 
yr—! calculated from Sorge’s Law (Eqs. | and 3). It is understandable that the observed 
compactive strain rates are somewhat larger than the calculated values, for this 
calculation is based on parameters holding where no pit is present. Increased com- 
paction should be expected due to the lessening of constraint at the pit walls. Local 
inhomogeneities and imperfect boundary conditions would be expected to limit, 
to some extent, the correspondence between observed and calculated results. 

Mr Gunther Frankenstein of SIPRE deserves the credit for performing the 


bulk of the deformation measurements under the severe conditions during the 
1954-55 winter. 
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APPENDIX 


By use of elastic theory, the principal stresses and strains for three different cases 
are calculated. This analysis is similar to that of Bucher (1956). Compressive stresses 
and strains are taken positive. The elastic results are modified for a compressible 
viscous material by substituting the strain rates for strains; 1/m for Poisson’s ratio y; 
and 2n (1 + vy) = 2n (m+ 1)/m for Young’s modulus, E (Love, 1926, p. 104) 


Case I. Uniaxial: 
Elastic results: 


Ee, =o, 
ieee ls) op 1a, = oye 


Viscous analogue: 
Ez = mo,/2(m + 1)y 
Br. = ey =6,/2(m = 1)y 


Case II. Compactive: 
Oz Elastic results: 
Ee, = Ec, = 0 =o, — vO, + 52) 


ee “Oy = Oy = VG,/(1 + V) 
Be Or 20, = ad 2v)+y)o6,/C y). 


= €y=0 Viscous analogue: 
€,=0 G,/oy =m—1 
é, = (m — 2)o,/2(m — 1). 


Case III. Semi-Compactive: 
Oz 
Elastic results: s 
Ee, = 0 =0,—VOz ..-Ox = VOz 


Ee, = — vo, + oz) = — v(l + v) oz. 


yO 
Viscous analogue: 
oy, fKoeg == 
O;, — €y =6,/2my. 
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DRUCK- UND VERFORMUNGSMESSUNGEN 


Gletscherkommission der Schweiz Naturforschenden Gesellschaft 


RESUME 


La premiére partie de la présente étude donne et discute les résultats des mesures 
spéciales de la pression de la glace dans une galerie tempérée du glacier de Zmutt. 
La mesure des pressions exercées sur une colonne verticale, a été effectuée a l’aide 
d'un ressort. Le résultat le plus important, c’est que la pression maximale mesurée 
au bout d’un certain temps correspond a la charge de la glace sus-jacente. On peut 
déduire de ce fait certaines conclusions relatives aux forces en jeu lors de ]’érosion 


glaciaire. 


_La seconde partie traite des nouvelles mesures de déformation dans la calotte 
glaciaire froide du Jungfraujoch. Ces mesures se rapportent d’une part a la défor- 
mation d’une galerie circulaire, d’autre part a la répartition des vitesses horizontales 


IN EISSTOLLEN 


R. HAEFELI 


de rampement dans une section de la calotte. 
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I. EIsDRUCKMESSUNG IN EINEM TEMPERIERTEN GLETSCHER. 


In den Jahren 1948-1949 wurde in einem ca. 1000 m langen Eisstollen des 
Z’Muttgletschers der Versuch unternommen, den Eisdruck im temperierten Eis 
mit Hilfe einer einfachen Vorrichtung direkt zu messen. Zu diesem Zwecke wurde 
in einer Entfernung von 547 m vom Stollenausgang eine vertikale, elastische Druck- 
saule in eine Nische eingebaut, um den auf das obere Ende dieser Saule infolge der 
langsamen, plastischen Kontraktion des Stollens ausgeiibten Druckes zu verfolgen. 
Die Eistiberlagerung betrug an der betreffenden Stelle, die sich in einer Druckzone des 
Gletschers befindet, 43 m. Ueber die in diesem Stollen ausgefiihrten Verformungs- 
und Geschwindigkeitsmessungen wurde an anderer Stelle berichtet [2]. 


1. Versuchsanordnung 


Die Drucksaule bestand aus zwei teleskopartig ineinandergreifenden Metall- 
rohren, zwischen denen eine Messfeder eingesetzt war (Fig. 1). Die kreisformige 
Druckplatte am oberen Ende der Spannsaule hatte einen Durchmesser von 256 mm 
entsprechend einer Flache von 500 cm?. Die Eichung der Messfeder ergab pro 1 cm 
Zusammendriickung einen Lastzuwachs von total 700 kg oder 1,4 kg/cm?, bezogen 
auf die Kontaktflache zwischen Druckplatte und Eis. Die Ablesung der Federdefor- 
mation, die der elastischen Verkiirzung des Systems entspricht, erfolgte mittels einer 
Messuhr und wurde durch zwei symmetrisch angeordnete Messstabe kontrolliert. 
Gegen die Stollensohle war die Saule mittels einer Holzbohle abgestiitzt, deren 
Flache ein Vielfaches der oberen Kreisplatte betrug. 


2. Messergebnisse 


Nach Installation der Drucksaéule anfangs August 1949 wurde erstmals am 10. 
August ein Anstieg des Druckes festgestellt. Sein weiterer Verlauf wurde wahrend 
6 Monaten durch 1-2 Messungen pro Monat verfolgt und ergab folgende Werte 
(Tab. 1): 


TABELLE 1 
Gemessene Eisdriicke auf die Drucksdule 
P 

Datum Ablesung A P cei Phase 

cm cm kg kg/cm? 
10. 8.49 19.90 0 0 0 
19. 8. 20.17 0,27 189 0,38 
Biro: 20.69 0,79 553 eit ile 
18. 9. 21.10 1,20 840 1,68 
25>9. 21.46 1,56 1092 2,18 
19.10. 21.67 ikg/7/ 1239 2,48 
26.10. 21.74 1,84 1288 2,58 2. 
30.11. MDP) DDD. 1554 3,11 
30.12. 22555 2,65 1855 3,71 
30;-1.50 22.69 Da 1953 3,91 
Ne SSW) 22.70 2,80 1960 3,92 oie 


ee I oe i ee eee ee ee 
A = Verkiirzung der Messfeder; P = Federkraft bzw. Eisdruck 
o = spez. Eisdruck; F = Druckflache (500 cm’). 
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Fig. 2 — Zusammendriickung der Drucksdule und spez. Eisdruck in Funktion der 


Zeit. (August 1949 - Marz 1950). 


Aus Fig. 2, in welcher die Werte A undo in Funktion der Zeit dargestellt sind 
geht hervor, dass sich im Verlauf des Eisdruckes 3 Phasen unterscheiden lassen 

Die erste Phase ist durch einen relativ steilen und gleichmiassigen Druckanstieg 
gekennzeichnet. Die Verkirzungsgeschwindigkeit der Messfeder ist mit 0,028 cm/Tag 
wesentlich kleiner als die vertikaie Kontraktionsgeschwindigkeit des benachbarsen 
freien Eisstollens (0,1 — 0,15 cm/Tg). Dies lasst auf eine sattere Anpassung der 
Druckplatte an die rauhe Eisoberfliche durch lokale Regelation und plastische 
Verformungen schliessen. 

Wahrend der zweiten Phase stieg der spez. Druck im Laufe von ca. 100 Tagen 
von ca. 2,3 auf 3,9 kg/cm? an wobei das deutliche Eindringen der Druckplatte in 
das Eis z.T. unter Druckschmelzung erfolgte. Das Einsetzen der Druckschmelzung 
bei einer mittleren Pressung, die noch wesentlich unterhalb dem Ueberlagerungsdruck 
des Eises lag, diirfte durch die Spannungskonzentration an den Rindern der starren 
Platte bedingt sein. 

In der dritten Phase erreichte die mittlere spez. Pressung des Eises auf die 
Druckplatte den Maximalwert von 3,92 kg/cm®, der zicmlich genau mit dem Ueber- 
lagerungsdruck an der betreffenden Stelle iibereinstimmt. Bei der vorhandenen 
Eisiiberlagerung von 43 m und einem geschatzten mittleren spezifischen Gewicht 
des Eises von 900 kg/m betragt der letztere 3,87 kg/cm . Nachdem der gemessene 
Maximaldruck erreicht war, blieb die Lange der Sonde bzw. der Messfeder konstant. 

Die Geschwindigkeit, mit der die Druckplatte unter intensiver Druckschmelzung 


in das Eis der Stollenkalotte eindrang, entsprach somit der Kontraktionsgeschwin- 
digkeit des Stollens in vertikaler Richtung. 


3, Beurteilung der Ergebnisse 


Wie zu erwarten war, fiihrte der wahrend 5 Monaten beobachtete stetige Anstieg 
des Eisdruckes schliesslich zu einem Gleichgewichtszustand, bei welchem die elas- 
tische Saule sich wie ein starrer K6rper verhielt In diesem Zustand war die Relativ- 


geschwindigkeit zwischen der Druckplatte und dem benachbarten Eis praktisch 
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identisch mit der Kontraktionsgeschwindigkeit des Eisstollens. Der gemessene 
Endwert des Druckes entsprach dem Ueberlagerungsdruck oder war nur unbedeutend 
grésser. Dazu sei folgendes bemerkt : 


Die grésste Hauptspannung im-ungestérten temperierten Gletscher, die im vor- 
liegenden Fall mit dem Ueberlagerungsdruck nahezu identisch war, bestimmt die 
Temperatur und damit den Schmelzdruck des Eises. Mit dem Ueberschreiten dieses 
Druckes setzt die Druckschmelzung ein. Analoge Vorginge spielen sich ohne 
Zweifel auch an der Gletschersohle zwischen Fels und Eis ab [7] Bei kleinen relativen 
Geschwindigkeiten diirfte die mittlere spez. Pressung zwischen einem starren Hindernis 
und dem sich bewegenden Gletschereis weitgehend dem Schmelzdruck als einem 
unteren Grenzwert entsprechen. Dadurch wird auch der Erosionsdruck, den ein 
im Eis eingespannter Felsblock auf das Gletscherbett ausiibt und von dem die 
Erosionskraft weitgehend abhangt, limitiert. 


Der vorliegende Versuch bedarf als Einzelmessung der sorgfaltigen Ueberpriifung 
mit verbesserter Apparatur. Besonderes Interesse verdient dabei die Frage, wie 
sich die Intensitat der Druckschmelzung und damit die Relativgeschwindigkeit 
zwischen Druckplatte und Eis mit der Grésse des spez. Druckes andert. 


Il. VERFORMUNGS- UND GESCHWINDIGKEITSMESSUNGEN IN EINER KALTEN EISKALOTTE 


Die nachstehend mitgeteilten Ergebnisse bilden eine kleine Erganzung zu den 
friiher publizierten Beobachtungen und Messungen, die seit 1951 in der 
Eiskalotte auf dem Jungfraujoch im Gange sind [*]. Dabei handelt es sich einerseits 
um die kontinuierlich fortschreitende Kontraktion eines quer zur Langsaxe der 
Kalotte angelegten Kreisstollens und andererseits um den Verformungszustand in 
einem zentralen Querprofil des ca. 50 m miachtigen Eisschildes. 


1. Verformung eines kreisformigen Eisstollens. 


Die Lage des 10 m langen Kreisstollens K., der einen Teil des im Juli 1954 
ausgefiihrten Querstollens Qj) bildet, ist aus Fig. 4 ersichtlich. In der Mitte der 
kreisformigen Nische, deren Durchmesser anfanglich rund 2,6 m_ betrug, wurde 
die Querschnittsverformung durch die Ausmessung von 8 iiber den Kreisumfang 
verteilten Messpunkten verfolgt. Als Messpunkt dienen die Képfe von ca. 15 cm 
langen, rund 10 cm ins Eis eingelassenen Schrauben, sodass der merkbare Einfluss 
der Eisverdunstung nicht in die Messung eingeht. 


Die Eistemperatur in der Umgebung des Kreisstollens ist leider nicht genau 
bekannt und wird fiir die vorliegende Beobachtungsperiode auf Grund von spora- 
dischen Messungen im Mittel auf ca. — 3°C geschatzt. Die Firnoberflache liegt 
rund 25 m iiber der Axe des Kreisprofils. 


Aus Fig. 3, in welcher die gemessenen Verkiirzungen verschiedener Stolien- 
durchmesser — ausgedriickt in °% ihres Anfangswertes —in Funktion der Zeit 
dargestellt sind, geht einerseits hervor, dass sich unter den beobachteten Durch- 
messern der vertikale am raschesten verkiirzt. Andererseits zeigt der im allgemeinen 
lineare Anstieg der Durchmesserverkiirzungen mit der Zeit, dass sich die Verengung 
des Profils mit praktisch konstanter Geschwindigkeit vollzieht. Aus der Differenz 
der ca. 13 Monate auseinanderliegenden Messungen 7 und 10 ergaben sich z.B. 
folgende mittlere spez. Verkiirzungsgeschwindigkeiten : 


Lotrechter Durchmesser Vy = 3636/4 pro Jahr 
Horizontaler » vy, = 2,3 % pro Jahr 
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Kreisprofil K2 
Spez VerkUrzungen der Durclimesser 
in Funktion der Zeit (vergl Anhang3) 
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Fig. 3 — Kreisprofil K, 


: Spez. Verkiirzungen einzelner Durchmesser in Funktion 
det Zeit: 


Die Richtungen der beiden Hauptspannungen stimmen mit den Richtungen 
derjenigen Durchmesser iiberein, welche die grésste bzw. kleinste Verkiirzung erleiden. 
Wie bei den asymmetrischen Randbedingungen der Eiskalotte nicht anders zu erwarten 


war, weicht die Richtung der in der Messebene gelegenen 1. Hauptspannung yon 
der Lotrechten etwas ab. 


Fiir ein plastisches Medium mit konstanter Zahigkeit ldsst sich das Verhialtnis 
der Hauptspannungen P2:p, auf Grund der spez. Verkiirzungsgeschwindigkeiten 
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v der zugeh6rigen Durchmesser wie folgt berechnen : 


pees eb Cas ripe DUS 
Py 4+Ar ” V4 


Da sich jedoch das Eis wesentlich anders verhalt als eine Newton’sche Fliissig- 
keit, kann die Anwendung dieser Gleichung auf den Gletscher nur einen Vergleichswert 
liefern. Das allgemeine Problem, den Spannungszustand in der Umgebung eines 
Kreisstollens aus dessen Verformung zu berechnen, miisste auf ahniichem Wege 
gelost werden, wie dies Nye fiir einen Spezialfall (hydrostatischer Aussendruck) 
auf der Grundlage des tatsachlichen rheologischen Verhalten des Eises getan hat [4:5]. 


2. Horizontale Geschwindigkeiten in einem Querprofil durch die Kalotte (1955/56). 


Nachdem in der Vertikalebene durch den zentral gelegenen Querstollen Q jo 
der Eiskalotte nicht nur die horizontalen Geschwindigkeiten lings der Stollenaxe, 
sondern auch diejenigen der Kalottenoberflache in einigen Punkten gemessen worden 
sind, ergab sich ein erster Einblick in die Verteilung der horizontalen Geschwindig- 
keitskomponenten innerhalb des betrachteten Querschnittes. 


Die entsprechenden Geschwindigkeitsprofile, die mangels geniigender Messpunkte 
nur ein ungefahres Bild der tatsichlichen Verhaltnisse vermitteln, sind in Fig. 4 
dargestellt. Dabei handelt es sich einerseits um die Verteilung der Horizontalge- 
schwindigkeiten in der Richtung der Stollenaxe und der Plateauoberflache und 
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andererseits um die Erfassung der Geschwindigkeitsverteilung lings einer Lotrechten 
durch die Kalotte (lotrechte Geschwindigkeitsprofile).. 

Die Geschwindigkeitsverteilung langs der Plateauoberfliche wird durch Fig. 4.¢ 
veranschaulicht. Es fallt auf, dass die Geschwindigkeitszunahme zwischen dem 
absoluten 0-Punkt der horizontalen Bewegung (B,) und dem ca. 57 m nordlich davon 
gelegenen Punkt F bedeutend grésser ist als zwischen entsprechenden Punkten auf 
der Hohe des Querstollens. Die spez. Dehnung zwischen den genannten Punkten 
Bo und F betrug rund 3% pro Jahr, wahrend sich die senkrecht darunter gelegene 
Strecke des Querstollens Qjo) nur um ca. | % verlangerte. (pro Jahr) 

Das Geschwindigkeitsprofil des Querstollens, das in Fig. 4b dargestellt ist, 
zeigt durch seinen unregelmassigen Verlauf, dass die Homogenitat des Spannungs- 
zustandes durch die Spaltenbildung gestért wird. Bemerkenswert ist der Umstand, 
dass zwischen den Punkten g und h keine Dehnung beobachtet werden konnte 
obschon diese Strecke von einei breiten Spalte durchsetzt ist. 

Zur Aufzeichnung der Geschwindigkeitsverteilung in der Lotrechten standen 
zunachst nur die gemessenen oder interpolierten Werte zweier Punkte (Oberflache 
und Querstollen) zur Verfiigung. Ein dritter Punkt (0-Punkt) ergibt sich unter der 
Annahme, dass das Eis an der Felsoberflache festgefroren sei. Diese 3 Punkte erlauben 
nur eine rein schematische Darstellung einer méglichen Geschwindigkeitsverteilung. 
Als Tatsache bleibt jedoch die Inversion der Geschwindigkeitsrichtung innerhalb 
einzelner Profile bestehen, was auf eine eigenartige Form von «extrusion flow » 
schliessen lasst. - 


3. Bewegungs- und Eisscheide. 


Zwischen zwei diametral entgegengesetzten Bewegungsrichtungen kann von 
einer flachenhaften Bewegungsscheide gesprochen werden. Sie sei definiert als geo- 
metrischer Ort aller Punkte, deren Geschwindigkeitsvektoren (Projektion der wahren 
Geschwindigkeit auf die Bildebene) lotrecht gerichtet ist. Bei asymmetrischen Rand- 
bedingungen und réumlicher Strémung bildet die Bewegungsscheide eine krumme 
Flache. Diese schneidet die Bildebene in einer Kurve, der in Fig. 4 die Linie B, — 
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B, — B, entsprechen mége. Von dieser Linie sind nur die Punkte B, und B, gemessen 
bzw. reell, wahrend der Punkt B, auf der Kulmination (Wasserscheide) der Felsunter- 
lage angenommen wurde. 

Wie in Fig. 5 schematisch dargestellt ist, kann man bei asymmetrischen Rand- 
bedingungen zwischen einer Bewegungsscheide (1), einer Eisscheide (2) und einer 
Wasserscheide (3) unterscheiden. Bei der Durchtunnelung eines Eisschildes erleichtert 
diese Unterscheidung z.B. die Bestimmung einer giinstigen Tracéfiihrung mit mini- 
malen horizontalen Verschiebungen. Bei der Beurteilung des Bewegungszustandes 
des Inlandeises, wo nach den neueren seismischen Untersuchungen die Kulmination 
B und die Wasserscheide C bis mehrere 100 km auseinanderliegen, stellen sich 
grundsatzlich ahnliche Probleme [*%]. Die vorliegenden Untersuchungen an einer 
kleinen Eiskalotte mégen dazu beitragen, diese Probleme aufzuwerfen und in einem 
weiteren Zusammenhang zu sehen. 


Die Messungen in der Eiskalotte Jungfraujoch wurden im Auftrag der General- 
direktion der P.T.T. unter der Mithilfe des Ingenieurbureau Rothpletz, Lienhard 
& Cie. und seines beauftragten Ing. F. Brentani durchgefiihrt. Die Eisdruckmessungen 
im Zmuttstollen erfolgten im Rahmen eines von der EOS(S.A. L’Energie de 
l’Ouest-Suisse) an den Verfasser und an die Versuchsanstalt fiir Wasserbau und 
Erdbau an der ETH erteilten Auftrages. Die Konstruktion der Drucksaéule stammt 
von Ing. G. Amberg. Allen beteiligten Instanzen sei fiir die Erlaubnis zur Veréffent- 
lichung der Versuchsergebnisse bestens gedankt. 


Zurich, den 25. Mai 1957. 
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THE MECHANICS OF CREVASSE FORMATION (*) 


MARK F. MEIER 
U. S. Geological Survey 
Tacoma, Washington 


ABSTRACT 


Crevasses are of fundamental importance to an understanding of glacier flow 
and of fracture patterns in deforming solids. Crevasse patterns on a temperate valley 
glacier (Saskatchewan Glacier, Canada) were studied as part of a general investigation 
of the mode of flow of that glacier, and a simple crevasse pattern in the North 
Greenland Icecap was selected for further work. Preliminary results show that crevasse 
formation is preceded by a build-up in extension rate. Crevasses then form so as to 


relieve the extension rate on intercrevasse blocks. In plan view principal strain rate 
axes are not exactly perpendicular or parallel to the crevasse. Intense deformation 
in pure shear precedes an extending crevasse. The crevasses studied opened as rigid 
wedges in a vertical cross section and the jerkiness of opening decreased rapidly with 
depth. 

mi Some interpretations are suggested. The initiation of crevasses appears to be 
determined by the curvature of the snow surface and the rate of accumulation or 
ablation. Relations between spacing and depth of crevasses and prevailing extension 
rates are given. These relations allow prediction of velocity in areas where direct 
measurements are impossible. Depths of crevasses can be computed and these results 
agree well with observation. 


Crevasses are a great danger to all who work on glaciers. An understanding of 
how and why crevasses form would not only decrease their objective danger to glacio- 
logists, but would also be of great fundamental importance to our knowledge of 
the mechanics of glacier flow and of fracture patterns in deforming solids. Crevasses 
are usually caused by stiesses generated by flow over a nonplanar bed. These stresses 
can be computed in some very simple configurations. However, existing theories of 
fracture cannot predict size, shape, spacing, or even the very existence of crevasses 
in the simplest of known stress situations. To add further complication, the shape, 
size, and trafficability of a crevasse is also a function of accumulation and ablation 
around the crevasse. These nontectonic complications will not be considered here. 

This paper is essentially a progress report on a continuing investigation of the 
relation of crevasses to flow in glaciers, and presents data drawn rom two separate 
projects on unlike glaciers (Meier and others, 1956, Meier, Rigsby and Sharp 1954. 
The plan of this investigation is as follows: First, the shapes of forming crevasses 
in simple patterns and their general glaciological environments ate determined. 
Next, the strain rate fields around the forming crevasses are measured. Finally, 
attempts are made to relate the strain rate data with the observed crevasse patterns 
and behaviors. This plan of attack has physical significance because components 
of the stress tensor are related to strain rate components in an isotropic body defor- 
ming by slow plastic flow. Total elastic and plastic strains have some influence on 


crevasse spacings and patterns, but these strains are not considered in this preliminary 
analysis. 


(5) Publication authorized by the Administrator, Snow Ice and Permafrost 
Research Establishment, and the Director, U.S. Geological Suryey. 
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DESCRIPTION OF SPECIFIC CREVASSED AREAS 


Splaying crevasses on Saskatchewan Glacier — Saskatchewan Glacier is a geophy- 
sically temperate valley glacier which flows out of the Columbia Icefield in Aiberta, 
Canada. The outlet tongue is 9 km long, averages about 1.4 km wide, is up to 460 m 
thick, and has a surface slope averaging 3° 23’ (Meier, Rigsby and Sharp, 1954, 
p. 6-7. A simple pattern of crevasses which occurs on the surface of the glacier 2 to 
4 km below the firn limit is shown in Figure 1. These crevasses are longitudinal in 
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Fig. 1 — Splaying crevasses on a portion of the surface of Saskatchewan Glacier. 


trend near the flow centerline and splay out to strike the margin at an angle slightly 
greater than 45°. This pattern, which is typical of valley glaciers, is termed «splaying». 
The individual crevasses are V-shaped in cross section, of moderate depth (none 
deeper than 30 m was observed) and are up to 300 m in length. Because of the moderate 
depth, rotational strain, and marked surface ablation (2.4 to 5 m per year). few of 
the individual crevasses are believed to exist for more than 5 years. 

The surface strain rate field in this area has been computed using the relations 


4 : OV; OV; (1) 
eij = PER 


where x; represent a coordinate sytem related to the glacier surface (7, j = 1, 2, 3), 
V; represent components of the velocity vector parallel to the xj-axis, and ei represent 
a component of strain rate on a plane perpendicular to the x;-axis and in the direction 
of the x;-axis. These principal axes of strain rate were found to be very nearly parallel 
or perpendicular to the glacier surface. Therefore, the ice surface is deforming nearly 
in plane strain. Strain rate components ej were derived from measured velocity 
gradients using relations (1), and were used for the computation of trajectories of 
principal strain rate in the plane of the ice suiface (Fig. 2), It is evident that the 
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Fig. 2 — Trajectories of principal strain rates on a portion of the surface o 
Saskatchewan Glacier. 


crevasses have formed nearly perpendicular to the direction of maximum principa 
strain rate (extending). Contours of the magnitude of the maximum principal strain 
tate show a rough relation to the crevasse distribution, and suggest that crevasses 
occur only when a principal strain rate approaches + 0.01 yrs—!, 

Crevasses in Blue Ice Valley, Greenland — An intensive study of the geometry, 
mechanics, and thermodynamics of crevassing was begun in 1955 on a small, simple 
pattern of crevasses in the Icecap of Northwest Greenland (Meier and others, 1956). 
Three parallel crevasses which show a regular progression in length, width, depth, 
and opening rate were studied, and the third crevasse was instrumented in detail 
(Fig. 3). These crevasses are in cold firn of density 0.5 to 0.8 gms«cm—3, A map of 
isotherms in a plane across the third crevasse is shown fora typical summer day in 
Figure 4. These crevasses are similar in appearance to the one described by Cook (1956). 

Opening rates at depth and profiles of «tectonic width» (Fig. 5) indicate that the 
third crevasse is opening as a rigid wedge: opening rates are directly proportional 
to the height above the bottom of the crevasse. The opening at the surface is jerky, 
but the jerkiness decreases rapidly at shallow depths and then more slowly to greater 
depths. This behavior appears to be typical of all three crevasses. 

The two-dimensional surface strain rate field around these crevasses was measured 
using relations (1). The velocity gradients used in this analysis were obtained over 
a short time interval (26 days) so the resulting strain rate data are very approximate. 
These data, as reported in terms of the orientations and magnitudes of the two prin- 
cipal strain rates in Figure 6, suggest that: 

(a) Crevasses do not form until the maximum principal strain rate exceeds 
+ 0.01 yrs—1, : 

(b) Crevasses tend to relieve the surface strain rate on iutercreyasse blocks. 
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Fig. 3 — Crevasses in the « Blue Ice » area, Northwest Greenland. 


(c) Crevasses form at a slight angle to trajectories of maximum principal strain 
rate. 

(d) Shearing displacements across crevasse walls occur. 

(e) A flame-shaped area of intense deformation, nearly in pure shear, precedes 
the actively forming Crevasse 1. 

Additional data on surface deformation were obtained from the ex 
a year’s time of a line of stakes placed in 1954 perpendicular to these crevasses and 
extending through a noncrevassed area into another area of crevasses. These data 
were analyzed by assuming that the surface extension adjacent to a crevasse wall 
was zero, so that all of the extension between two stakes was taken up by crevasse 
widening. These data are presented in Figure 7 and suggest that : 

(f) Extension rate is a function of surface curvature. 

(g) An extension build-up precedes crevasse formation, and crevasses do not 
occur unless the extension rate exceeds about -+- 0.01 yrs—!. 


tension in 
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Depih below surface, in meters 


Fig. 4 — Temperature in °C distribution in and adjacent to Crevasse 3, at6:40 AM 
August 16, 1955. Data obtained by C. J. Pings, Jr. 
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Fig. 5 — Measured width, «tectonic width», 


depth in Crevasse 3. 
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Fig. 6 — Principal strain rates in a portion of the «Blue Ice» area, Greenland 
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(h) Once a crevasse forms, its opening rate either ranges between relatively 
narrow limits (0.4 to 2 m yrs—!) or it may be completely inactive; no closing cre- 
vasses were observed. 

(i) Crevasse opening rates are not related to crevasse width. 


INTERPRETATION OF THE FIELD DATA 


The condition for the initiation of crevasses — Because of the approximate nature 
of the field data, it is not yet possible to give an exact criterion for the formation of 
crevasses. However, the data indicate that crevasses do not form until the maximum 
principal strain rate on the surface reaches or exceeds about + 0.01 yrs—!. The data 
suggest that crevasses form at somewhat lower values of strain rate in temperate 
ice than in cold firn, but the differences are not appreciable. The data from Greenland 
show that the condition for crevasse formation involves not only normal strain rates 
but also shearing strain rates. The crevasses on Saskatchewan Glacier show some 
evidence of shearing at the instant of formation, but this evidence is not conclusive 
because it cannot be completely separated from the effect of a subsequent rotation. 
Perhaps crevasses are purely tensile fractures in temperate glacier ice, but involve 
both tensile and shear stresses in cold firn. Slab avalanches inssnow are known to 
break at an appreciable angle to the principal tensile stress (Haefeli, 1948, p. 681), 
so this fracture condition is not unreasonable for firn. 


In the Blue Ice area there appears to be a relation of extension to surface curvature 
in a direction perpendicular to the crevasses (Fis. 7). This suggests the applicability 
of Nye’s (1957, p. 126) formula for longitudinal strain rate ¢ in a semi-infinite 
glacier of uniform slope « and constant basal shear stress: 


1 /do 0) 
£5 Fx + Rp Ore (2) 


where h is the thickness of the glacier, @ is the total discharge through a unit width 
and R is the radius of curvature of the surface. Figure 7 suggests that the accumu 


@M- 


, do . 
lation gradient term dx is of much less importance than the surface curvature term 


in the Blue Ice area. 


A critical value of principal extending strain rate of + 0.01 yrs—! corresponds 
to a principal tensile stress of 0.3 or 0.4 bar, according to present knowledge of the 
flow law of ice. The surface stresses cannot be computed with any pfetense of accuracy 
for either Saskatchewan Glacier or the Blue Ice area. 


Crevasse depths and spacings —Crevasses can exist as a stable configuration 
only to the depth where the longitudinal normal stress in the ice is equal to the stress 
in the crevasse (atmospheric pressure). Nye (1955, p. 513) suggests the following 
equation for the depth d of crevasses if the flow law of ice is approximated by a power 


law: 
: fee (emi 
as) 


where o is the average density, g the acceleration of gravity, < the longitudinal exten- 
sion rate, and B and n are empirical constants involved in the flow law. The depths 
and extension rates of two of the Blue Ice crevasses are known. If Glen’s (1953, 


p. 721) values for B and n at different temperatures are used, the following results 
are obtained: 
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TABLE 1 


Measured and computed depths of crevasses 


—_——- -——————eerrrr——————————— 


Crevasse B n Temperature d (computed) d (measured) 
No. (yrs—! bars—”) (°C) (m) (m) 
3 0.022 3.3 — 1.5 VPP 26.0 
.0086 3:3 — 6.7 Hays 
.0018 3:3 —12 26.0 
2 .0018 313) —12 22.1 22.0 


Nye’s formula apparently gives correct results if the temperature in the firn at the 
level of the crevasse bases is —12°C. This value is reasonable because the mean annual 
temperature at Thule (about 40 km to the east and 800 m lower in elevation) is about 
—11.4°C (L. H. Nobles, personal communication). 


Although Nye’s approach apparently predicts reasonable depths for these two 
crevasses, one difficulty is encountered: If a power-law type of flow law is used in 
this analysis, the opening rates of crevasses should decrease exponentially with depth. 
This prediction is not verified by the measured tectonic width and opening rate data 
at depth (Fig. 5). 

Crevasses form so as to relieve the extension on and in the intercrevasse blockse 
In the case of long, straight and parallel crevasses it is reasonable to assume that 
the depth/spacing ratio is relatively constant when crevasses first form because this 
ratio is determined by geometrical considerations and the mechanical properties 
of the ice or firn. In the Blue Ice area, a new crevasse appears to form when the 
next older one has moved away from the boundary of crevassing a distance equal 
to about four times its depth. If the crevasse relieves all of the extension on the 
surface of the intercrevasse block, then the crevasse opening rate w, the substratum 
extension rate €, and the spacing s are related as follows: 


W=es (4) 


If the crevasses move into an area of greater ¢, they must increase their opening 
rates w in order to remove extension from the surface of the intercrevasse blocks. 
By doing this, they increase in depth and thereby increase the depth/spacing ratio. 
The inverse is not true: a decreasing extension rate can be compensated by a shallowing 
of certain crevasses to the point where they lose hold on the extending substratum. 
In this case ,their extension rate would be captured by neighboring, deeper crevasses, 
and one would observe inactive crevasses alternating with crevasses which were 
continuing to widen. This is apparently what is happening at the north end of the 
Blue Ice area (fig. 7). 

If the opening rate w is relatively constant, a simple relation exists between this 
and the ice velocity V, crevasse spacing s, and the widths w of the two consecutive 


crevasses: 


Feat btn (5) 
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This formula might be used to measure velocity on glaciers or ice sheets, and can 
easily be generalized to cover more situations if the variation of opening rate as 
a function of position is known. 


A postulated sequence of crevasse formation and obliteration -— An area is assumed 
in which the rate of surface extension is sufficient to cause crevasses, surrounded 
by an area where the extension is not sufficient for crevassing. This area will gene- 
rally be fixed in space (Haefeli, 1948, p. 711) but can expand or contract if the glacier 
becomes thicker or thinner. The large extension rates within the area would be caused 
by the factors on the right-hand side of (2) or by large transverse velocity gradients. 
As ice or firn moves into this area, a crevasse forms and relieves the extension to either 
side. The crevasse will widen and deepen as it moves so that its base is always at the 
level where the difference between atmospheric pressure and extending stress equals 
zero. As this crevasse moves on, extension builds up again at the upper boundary 
of the area of crevassing until another crevasse forms. If the extension rate is rela- 
tively constant within the area, the crevasses will have fixed spacing, depths and 
opening rates. If the extension rate increases markedly, the crevasses must deepen 
and widen because the spacing cannot change unless conditions in the third dimension 
favor the growth of additional fractures. 

As a given crevasse approaches an area of decreased extension or is rotated 
into an unfavorable orientation for absorbing extension, it may lose some of its 
hold on the extending substratum. Neighboring crevasses which were slightly deeper 
or more favorably oriented would capture some of this extension. This situation 
is unstable, and would lead to complete inactivity of the given crevasse. This crevasse 
would then be eliminated by ablation or accumulation, and as the neighboring crevasses 
move out of the area of critical extension, the same fate would befall them. This 
may explain the rarity of closing crevasses. 
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REFLEKTIONSSEISMISCHE 
WIEDERHOLUNGSMESSUNGEN 
AUF DEM PASTERZEGLETSCHER 
UND IHRE BEDEUTUNG FUR DIE FESTSTELLUNG 
VON GLETSCHER- UND INLANDEISSCHWANKUNGEN 


B. BROCKAMP 
Miinster i. Westf. 


SUMMARY 


Variations of glaciers can be determined numerical by comparison of carto- 
graphical or stereophotogrammetrical maps of different epochs. The seismic or 
gravimetrical method will be of use, too. 

Seismic sounding at the Pasterze — Glacier 1929 and 1955 have demonstrated, 
that the thickness of the ice on the same profil waned for 62 m during 26 years. 

_ For the identification of the variations of inland-ice it is necessary to make 
seismic measurements at an area of 2 x 3 km (or so), so that a reliable map of the 
ice-underground can be obtained. Repeated measurements at the same point will 
give the variation of thickness, some years later on. 


ZUSAMMENFASSUNG 


Gletscheranderungen kénnen durch den Vergleich von guten Kartenunterlagen 
aus verschiedenen Epochen bestimmt werden; aber auch seismische und gravimetrische 
Messungen kénnen hierzu dienen. 

1929 und 1955 auf dem Pasterze-Gletscher ausgefiihrte reflektionsseismisch 
Arbeiten zeigen, dass die Eisdicke auf demselben Profil um 62 m abgenommen hat. 

Zur Feststellung der Machtigkeitsanderung des Inlandeises sind flachenhafte 
reflektionsseismische Messungen notwendig, um eine gute Karte des Untergrundes 
an einzelnen Punkten des Inlandeises zu gewinnen. Wiederholungen am selben 
Punkt zu einer spateren Zeit geben die Dickenanderung. 


An der genauen Erfassung der in Gletschern und im Inlandeis enthaltenen 
Eismassen sowie an der Feststellung der Anderungen dieser stillen Reserven im 
Wasserhaushalt der Erde sind verschiedenene Wissenszweige und, soweit es Gletscher 
betrifft, auch im steigenden Masse die Technik interessiert und beteiligt. Zur zahlen- 
massigen Erfassung des weltweiten Gletscherriickganges im letzten Jahrhundert 
eignet sich, wie R. Finsterwalder (*) fiir mehrere Gletscher der Ostalpen dargestellt 
hat, die Messung folgender Werte: 

1. Lineare Veranderung der untersten Zungenenden in der Fliessrichtung des 
Eises. 

2. Flachenveranderung in verschiedenen Héhenzonen und Anderung der Gesamt- 
flache des Gletschers. 

3. Hdheninderung der Gletscheroberflache in den verschiedenen Héhenzonen 
und im Durchschnitt fiir den ganzen Gletscher. 

4. Bestimmung der Héhenlage der Schnee-(Firn) Grenze. 

5. Verdinderungen im Eishaushalt und im dynamischen Verhalten (Anderung 
der Eisgeschwindigkeiten) des ganzen Gletschers. 

Wiinschenswert wiire eine kombinierte Anwendung von | — 5S, da die einzelnen 
Gletscher recht unterschiedlich auf die gleiche Klimainderung reagieren: cinerseits 
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schnelle Verschiebung des Gletscherendes oder seiner Seitenerstreckung. andererseits 
schnelles Einsinken resp. Anwachsen der Zungenoberflache, hauptsachlich abhangig 
vom Profil des Gletscherbettes. 3 ist, da voraussetzungslos, zuverlassig und lisst 
sich auch verhaltnismassig einfach an Gebirgsgletschern mit Hilfe genauer stereo- 
photogrammetrischer Aufnahmen aus verschiedenen Zeiten durchfiihren. 


Fiir grossere Inlandeisgebiete gewahrt 1 nur beschrankten Einblick in die wirk- 
lichen Vorgange; 2, 3, 4 fallen wegen fehlender Unterlagen aus; 5 hingegen ergibt 
unmittelbar aus den meteorologischen Elementen brauchbare Werte fiir den Eishaus- 
halt eines stationaren Gletschers im Jahr der Messung : bezeichnet F die Flache des 
Firngebietes einschliesslich der Zone des superimposed ice, A die des Ablationsge- 
bietes, z den aus Pegelablesung oder Ausgrabungen und Dichtemessungen abgeleiteten 
mittleren Zutrag des Gebietes F, a die mittlere Ablation -+ Eisbergausstoss, so gilt 


le) a 
ie: wobei z, F und A relativ einfach zu bestimmen sind. 
Z 


Um iiber langere Zeiten Anderungen in der Héhe der Oberflache des Inlandeises 
zu erfassen, kame vor allem die Vermessung eines iiber die ganze Breite resp. Lange 
des Inlandeises sich erstreckenden Hohenprofils und seine Wiedervermessung nach 
einigen Jahren in Frage; ein sicher nicht einfaches Unternehmen, sofern Lage- und 
HGhenangabe nach den klassischen geodatischen Methoden mit gentigender Genauig- 
keit durchgefiihrt werden sollten (siehe hierzu: H. Lichte () ). 


Demgegeniiber eignen sich zur Feststellung von Machtigkeitsinderungen sowohl 
an Inlandeis wie an Gletschern — man konnte fast sagen zu ihrer Uberwachung — 
einige Methoden der angewandten Geophysik, insbesondere gravimetrische und 
seismische Messungen (1%); dieses soll an Hand von seismischen Wiederholungsmes- 
sungen an einem ostalpinnen Gletscher gezeigt werden. 


Aut dem im Glocknergebiet gelegenen Pasterzegletscher wurden 1929 (GS Cre. 
und 1955 seismische Arbeiten ausgefiihrt. 1929 kam 1 mechanischer Seismograph 
zum Einsatz, die Registriergeschwindigkeit betrug 81 mm/sec, als Zeitmarkengeber 
diente eine 50 Hz Stimmgabel; 1955 wurden 15 Geophone + Verstarker eingesetzt. 
Die Papiergeschwindigkeit betrug 250 mm/sec bei 100 Zeitmarken pro sec. Der 
instrumentelle Fortschritt bedingt héhere Genauigkeit in den Zeitangaben und wesent- 
lich mehr Material bei dichtliegenden Beobachtungspunkten. Der Vergleich bezieht 
sich auf den NE Teil der seit vielen Jahrzehnten in regelmassiger Beobachtung ste- 
henden Steinlinie Seelandfelsen-Hoffmannshiitte (Seelandlinie), etwa mit den Steinen 
Nr. 6, 7, 8, 9, 10, 11 sowie 300 m firnwarts und zungenwarts von Stein 9). 


Auch wenn bei diesen Arbeiten andere Ziele verfolgt wurden, so lassen sich 
doch fiir unsere Fragestellung wichtige Angaben gewinnen. 


a) Die Geschwindigkeit der longitudinalen Wellen (P), die fiir die Tiefenberech- 
nung ben6tigt wird, wurde 1929 zu 3580 m/sec, 1955 aus wesentlich zahlreicherem 
Material (1400 Einsatze) zu 3650 m/sec fiir Langs- und Querrichtung bestimmt. 
Fir den Vergleich wurde eine konstante Geschwindigkeit von 3600 m/sec zugrunde- 
gelegt. (s. Weiteres tiber die Geschwindigkeit seismischer Wellen, am Schluss). 


b) Das Langsprofil 1955 verliuft im wesentlichen in derselben Richtung wie 
das yon Standpunkt VII ausgehende leider nur kurze Langsprofil 1929; das gleiche 
gilt fiir das von Standpunkt VII 1929 nach Sw verlaufende Querprofil. 

Auf den Profilen 1929 und 1955 fallen 9 Beobachtungspunkte + zusammen : 


die entsprechenden Laufzeiten fiir die P-und R-Wellen, sowie die aus den R-Laufzeiten 
berechneten Eismachtigkeiten sind in Tabelle 1 zusammengestellt : 
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TABELLE 1 


--———oooo— oo SSeSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSsSS— 


tp tr h 
A ismsec i.msec im Ah 
Punkt i.m 1929 1955 1929 1955 1929 1955 i.m 
VII zungenwarts 400 aS. Kiet 183 155 254 195 60 


500 143 140 202 181 262 201 61 
600 168 167 224 200 268 200 68 


VII firnwarts 350 98 96 181 150 250 190 60 
400 110 112 185 155 256 195 61 
500 142 141 202 181 262 201 61 
600 170 167 222 200 265 197 68 


VIT SW 350 Sy) 98 182 153 252 ; 187 65 
417 116 147 188 166 252 188 64 


Die Laufzeiten der P-Wellen 1955 liegen in den in Tabelle I angegebenen 
9 Fallen durchweg um2 msec. friiher als die von 1929: sie bedingen so die etwas héhere 
Geschwindigkeit von 3650 m/sec; es treten aber sowohl positive wie negative Abwei- 
chungen auf. 

Anders die Reflektionszeiten. Sie sind alle kleiner geworden und zwar in dem 
untersuchten Entfernungsbereich um 21— 29 msec. Unterstellen wir fir alle 
R-Einsatze eine Ablesungsgenauigkeit von -+ 2 msec, so sind diese festgestellten An- 
derungen in den R-Zeiten iiber 10 mal so gross wie die Ablesefehler. 

Aus den einzelnen R-Zeiten, die unmittelbar fiir die « Ueberwachung» des 
Gletschers benutzt werden, folgt (bei einer Geschwindigkeit von 3600 m/sec) ein 
in sich iibereinstimmender Schwund von 63 m in 26 Jahren (2,4 m pro Jahr)! 

Dieser Wert erscheint enorm hoch bei einer Machtigkeit des Gletschers an dieser 
Stelle von ~ 260 m (1929). Fiir die Pasterze ist aber nach V. Paschinger (°) gerade 
das Einsinken der Oberfliche, das sich in der Hohe der frischen Ufermorane markiert, 
die auffallende Erscheinung, wohingegen das Zuriickweichen des Eisrandes bei der 
Pasterze viel weniger ausgeprigt ist als bei anderen Gletschern: Wenn sich die 
Stirn der Pasterze in den 85 Jahren (1898-1942) seit ihrem Maximalstand um 900 m 
verkiirzte, so ist dies, verglichen mit den 1000 m, die der Vernagtferner in 40 Jahren, 
mit den 740 m, die der Laaser Ferner in 16 Jahren, mit 320 m, die das Maurerkees 
in 10 Jahren verlor, recht gering zu nennen. Auch die Verschmialerung der Pasterze 
erreicht mit 160 m unter der Hoffmannshiitte nur 1/10 der urspriinglichen Breite. 

Diese Ausfiihrungen V. Paschingers lassen grdsse Anderungen der Héhenlage 
der Gletscheroberflache erwarten. Um so bedauerlicher ist es, dass wegen eines 
Schlechtwettereinbruchs im Sept. 1955 die fiir das Profil Hoffmannshiitte-Seelandfelsen 
yorgesehene Héhenmessung unterbleiben musste. 

Aber die Nachmessungen am Pasterzekees in den Jahren 1950-1952 von H. 
Paschinger (7, 8) gestatten eine gewisse Nachpriifung unseres Schwundwertes; 

a) das Langsprofil von 1955 und das Profil VII 1929 schneiden die Seelandlinie 
etwa bei Stein 9 des Geschwindigkeitsprofils 1954. Fiir diese und die benachbarten 
Steine entnehme ich den Berichten von H. Paschinger folgende Werte : 

(Die Entfernungsangaben zahlen von Stein 9). 
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TABELLE 2 


Stein Nr: 

Seelandfelsen 7 8 9 10 11 Hoffmannshiitte 
Entfernung i.m 197.8 96,9 0 OSs Sites Sore 
{Hoheninderung 

1949/50 i.m 3,8 3,8 4,7 5,6 5,6 
Entfernung i.m 206,9 79,0 0 LOS iooee 
{Hohenanderung 

im 1950/51 4,5 4,8 2,8 3,6 le, 
Entfernung i.m 197,8 97,9 0 LOPed Gel S555 
{Hohenanderung 

1951/52 i.m 1,9 1,8 2,4 D2 2,6 


LL 


Wir sehen, dass in der Tat ganz erhebliche Hohenanderungen in den einzelnen 
Jahren eingetreten sind. x 

b) Nach der Glocknerkarte des D.u.O. Alpenvereins (1925) schneidet das 
Langsprofil mit dem Zeltstandpunkt VII (1929) die Seelandlinie bei 2397 m, am Lage- 
punkt des Steines Nr. 9 1954. 

Fir Stein 9 1952 gibt H. Paschinger einen Héhenwert von 2345 m an. Nehmen 
wir fiir die Zeitspanne von 1952-55 einen jahrlichen Schwund von 2 m an, so wirde 
fiir 1955 eine Héhe von 2339 m folgen, also gegeniiber 1955 eine Abnahme der Hohe 
von 58 m; Stein 7 und 8, fiir die eine mittlere jahrliche Abnahme von 3 m fiir 1943-1952 
sich ergeben und unter denen die Reflektionspunkte der beiden Querprofile liegen, 
wiirden eine noch bessere Uebereinstimmung mit den seismischen Werten zeigen. 

c) In der eingangs erwahnten Arbeit (1.8.211) gibt R. Finsterwalder auch die 
jahrliche Héhenanderung als Funktion der Héhe (1920-1950) fiir 8 Gletscher der 
Ostalpen; fiir eine Héhe von 2350 m folgt eine mittlere Abnahme von 1,80 m; Siilzen- 
auferner und Schwarzensteinkees zeigen in 2350 m Hohe eine Anderung von etwa 
2,50 m; sie ist fiir diese Gletscher von gleicher Grésse wie sie aus den seismischen 
Messungen auf der Pasterze folgt. 

Auch wenn bei der Anlage der seismischen Arbeiten 1929 ein Vergleich mit 
spateren Untersuchungen nichtins Auge gefasst war, so konnte doch trotz unterschied- 
lichen Beobachtungsmaterials die Brauchbarkeit der seismischen Methodezur Feststel- 
lung der Anderung der Gletschermiachtigkeit unter Beweis gestellt werden; der 
abgeleitete enorme Schwund der Eisdicke von 63 m in 26 Jahren} der rund 1/4 der 
Eisdicke von 1929 ausmacht, steht mit der Hohendnderung, wie sie aus mir Zugadng- 
lichen Kartenunterlagen und Vermessungsdaten folgt, in guter Uebereinstimmung. 

Seismische resp. gravimetrische Wiederholungsmessungen vermitteln iiber die 
rein zahlenmassige Feststellung der Hohenanderung von Gletscher-resp. Inlandeis- 
oberflache hinaus, auch Angaben, um wieviel Prozent sich die Eisdicke geadndert 
hat. Liegen fiir mehrere Punkte des Akkumulations- und des Ablationsgebietes 
derartige Wiederholungsmessungen vor, so lassen sie weitere Schliisse auf die Eis- 
dynamik zu. 

Zur Erfassung dieser Machtigkeitsschwankungen des Inlandeises wird man 
zweckmassigerweise an einzelnen Punkten des Inlandeises, deren geographische 
Breite und Lange bestimmt wurde, mit méglichst steilen Reflektionen flachenhaft 
arbeiten, um eine Karte des Untergrundes zu erhalten. 

Bestens werden solche Stellen gewahlt, deren Oberflichenform stirkere Uneben- 
heiten des Felsuntergrundes erwarten lassen. Es werden so Fixpunkte unter dem 
Eis gewonnen, auf die bei den Wiederholungsmessungen, bei der Bestimmung der 
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Fliessgeschwindigkeit des Eises usw. alle weiteren Beobachtungen bezogen werden 
k6nnen. 


Bereits auf der Deutschen Giéntandexpedition Alfred Wegener (1°) wurde bei 
km 120 (71° 12,6’N, 47° 45’W) seismisch flachenhaft beobachtet. Wenn auch fiir 
diese 2 x 3 km grosse Testflache nur 11 mit mechanischen Seismographen gewonnene 
Reflektionen zur Konstruktion der Untergrundkarte zur Verfiigung standen, so ist 
doch fiir dieses Gebiet eine Wiederholungsmessung auf der Internationalen Grén- 
landexpedition (EGIG) beschlossen worden. Wiederholungsmessungen sind auch 
an einigen seismischen und gravimetrischen Arbeitsplatzen der franzésischen Gron- 
landexpedition P.E. Victor vorgesehen. 

Es sei an dieser Stelle noch kurz auf die Geschwindigkeitsbestimmungen der 
longitudinalen Wellen auf der Pasterze eingegangen. Die Geschwindigkeit ergab 
sich 1929 zu 3,58 km/sec. Die Auswertung von 1400 P-Einsatzen 1955 ergab, dass 
die Geschwindigkeit in Langs-und Querprofil bis 7-8 m Tiefe 3,48 km/sec, darunter 
3,67 km/sec betragt. 

Diese Unstetigkeit in 7 m Tiefe wurde durch Messungen mit 2 Echolot-Appara- 
turen (30 KHZ,A = 12 cm; 15 KHZ) = 25 cm), bestitigt. Diese Lotungen, die an 
mehreren Punkten des Seelandprofils und an verschiedenen Orten unterhalb dieser 
Linie ausgefiihrt wurden, ergaben ausser mehreren anderen reflektierenden Flachen 
einen eindeutigen Reflektionshorizont in 7-8 m Tiefe, also in derselben Tiefe, 
in der die seismischen Longitudinalwellen (A = 45 m) ihre Geschwindigkeit 
andern. Die kleinere Geschwindigkeit in der oberen Schicht diirfte durch héhere 
Porositat bedingt sein. Aus den Geschwindigkeiten wiirde ein Schmelzwassergehalt 
von etwa 5 % in den oberen 7-8 m der Pasterze sich ergeten, falls der gesante Poren- 
raum nur von Wasser erfiillt ware. 
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CURIOUS OPEN WATER FEATURE 
IN THE ICE..AT THE HEAD -OF..CAMBRIDGE FIORD 


MOIRA DUNBAR (*) 


ABSTRACT 


In April 1951 the RCAF photographed a pool in the fast ice of Cambridge Fiord 
which formed such a perfect circle, and had such clean edges, that it was at first 
mistaken for a spot on the negative. The area was photographed at intervals for the 
next two years, and each year the pool reappeared in an otherwise continuous cover 
of fast ice. It varied from about 150 to 300 feet in diameter and appeared, in one 
year at last, quite late in the season, a photograph in February showing no sign of it. 
An attempt will be made to analyse the evidence in the photographs, to correlate it 
with the available meteorological and hydrological data, and to suggest possible 
causes for the phenomenon. 


On 30 April 1951 an R.C.A.F. aircraft on a training flight photographed an 
open pool at the head of Cambridge Fiord in northeast Baffin Island. This pool or 
hole in the otherwise complete fast ice cover of the fiord was so perfectly circular 
that it was taken for a blot on the negative until members of the crew insisted that 
they had seen it with their own eyes. (Fig. 1) It was about 312 feet across and close 
to shore at a place where the coast made almost a right angle, the centre of the pool 
being 600 feet from the shore on each side of the angle. 

In the two following years it was possible to get further photographs of the area 
during the late winter. In 1952 it was photographed six times between March 5 and 
May 29, and in 1953 three times between the middle of February and the end of 
April. In each year the poo! reappeared in exactly the same place. It was always 
circular, though never quite so geometrically perfect as in the first photograph, 
but its diameter varied somewhat from year to year. Thus on 30 April 1951 it was 
about 312 feet, on the same date in 1952 about 208 feet, and on 29 April 1953 only 
156 feet. In 1952, the only year in which it was possible to trace its development, 
it grew from 112 feet on March 5 to 229 feet on May 29, and a narrow crack gradually 
spread shorewards from it. (Fig. 2) This crack was about 200 feet long on April 2 
~ and had connected with the shore by April 17, with a small opening running south- 
eastwards from it along the shoreline. A very interesting point was noted in 1953, 
when photographs taken on February 17 and March 15 revealed an unbroken 
ice-cover with no sign of a pool, which however appeared between then and April 29, 
the date of the next observation. Thus it apparently does not remain open all through 
the winter, but opens up late in the season, the date varying in the years of obser- 
vation from before March 5S (the earliest date it has been seen) to later than March 15. 

In 1957, after an interval of three years, the pool was again photographed. 
On May 20 it was about 218 feet across, with a crack joining it to the shore as in 
1952, but running to the western instead of the southern shore. (Fig. 3) As in 1952 
there was also a narrow crack at the shoreline. In at least one of the three intervening 
years, 1954-6, the pool was observed visually though not photographed. There is 
therefore little doubt it is a regular annual phenomenon. 

The question of what causes this opening in the ice is an intriguing one to which 
there seems to be no easy or obvious solution. In the absence of any field observations 
it is not possible to attempt to find an answer, merely to present the problem and 


(*) Miss Moira Dunbar, Defence Research Board, Ottawa. 
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suggest a few possible lines of approach. Open patches as such are not uncommon; 
they occur for instance in Frobisher Bay and Cumberland Sound, where they are 
apparently due to water turbulence, and in many other parts of the Arctic where 
strong currents keep ice from forming. There is no other known case in the Canadian 
Arctic, however, of an open pool at the head of a long narrow fiord; in the many 
such fiords in eastern Baffin Island, Ellesmere Island, and Axel Heiberg Island the 
ice cover is normally complete and often very sniooth, suggesting that it forms in 


Fig. 1 — The pool as first photographed, 30 April 1951. Vertical photograph taken 
from 10.000 feet. 


515 


quiet water. Furthermore, in places where open pools occur, there are normally 
several rather than just one, and they are usually larger and quite irregular in outline. 


Fig. 2 — 2 April 1952, taken from 6.000 feet. Note the creek beginning to form 
which later extended to the shoreline. 


Another quite abnormal feature of this pool is its appearance late in the season. 
Pools caused by tidal currents or other forms of water turbulence owe their existence 
to the fact that either mixing or sheer speed of water movement prevents ice from 
forming; thus they remain open from the time of freeze-up, and if they freeze over 
at all it is late in the winter, when accumulation of frost has chilled all the available 
water to freezing point. 

For these reasons it seems unlikely that the feature is a purely oceanographic 
one. Its proximity to shore, too, leads one to surmise that it may be more closely 


connected with the physiography and hydrology of the area. Let us therefore consider 
what little information is available on this subject. 
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The area is part of the uplifted eastern edge of the Canadian Shield, and appears 
to be entirely Precambrian, consisting of gneissic rocks. (Fig. 4) The fiord is one of 
the longest of eastern Baffin Island and penetrates through the mountainous coastal 


Fig. 3 — Oblique view looking southwest. 20 May 1957, altitude 5.970 feet. 


belt, which rises in this area to about 5000-6000 feet, to the plateau of central Baffin 
Island, about 2000 feet. Minor faults are common and the uplift of the area has left 
a series of terraces so well developed that J.M. Wordie, who visited the fiord by ship 
in 1937, originally called it Glen Roy Fioid, after Glen Roy in Scotland, t e classic 
example of terrace development. The highest terraces observed by Wordie he judged 
to be at about 1500 feet, and he considered these to have been formed in an ice-dammed 
lake. No geological results of this expedition were published, and the only man to 
visit this area since then was G.W. Rowley, who made a winter journey across Baffin 
Island by way of the Rowley River in 1939, emerging into Keel Bay. He did not 
unfortunately pass close to the site of the pool and made no geological observations. 

Climatically the area is presumably influenced by the proximity of Baffin Bay, 
but the maritime effect will be modified by its distance from the coast and the mountains 
which intervene. Of the meteorological stations available, Clyde and Arctic Bay, 
neither is strictly comparable; the climate is likely to be somewhat between the two, 
with mean winter temperatures of about —I5 to —25°F and summer temperatures 
about 40-45°F; annual precipitation about 6 inches; and mean cloudiness about 
60%. In late winter the weather, as in most of the Canadian Arctic, should be mainly 
cold and clear. A compatison of meteorological records for Arctic Bay and Clyde 
for the years in question shows no apparent correlation with the dates of appearance 
or size of the pool. 

The theoretical period of continuous sunshine is from May 12 to August 8, 
and the sun is continuously below the horizon from November 21 to January 23. 
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The mountainous terrain will greatly modify these dates however; the spring reappea- 
rance of the sun, for instance, will be retarded several days. The pool thus makes 
its appearance about 4 to 6 weeks after the sun rises above the horizon, but it is hard 
to see any connection here either. It is much too early in the season for surface melting, 
and no signs of any appear in any of the photographs. The ice at this period is indeed 
still growing and has not reached its maximum thickness. Ice measurements made 
by Bernier at Pond Inlet in 1906-7 and at Arctic Bay in 1910-11 show a maximum 
thickness of 56-61 inches and a decrease beginning about the end of May or beginning 
of June, and it is likely that conditions in Cambridge Fiord are somewhat similar. 

It would appear that the explanation must involve the existence for one reason 
or another of a narrow column of water welling up under the ice. This could, of 
course, be a purely oceanographic phenomenon; nothing is known of the depth of 
water or other oceanographic factors. For reasons already stated, however, a land- 
water origin seems more probable. The possibilities seem to be: 


Fig. 4 — Cambridge Fiord looking east. showing the general terrain. Keel Bay is 


the left bay of the three indentations at the head of the fiord, ; e si 
pool is in the centre one. Altitude 20.000 feet. SEES ORGS 
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(1) Surface or sub-surface run-off under the ice 

(2) Underground water. 

The main drainage into the fiord is by the river flowing into Keel Bay; the stream 
that enters the fiord near the pool is a short one originating in a lake only about 
five miles inland. There is no sign of open reaches in any of the winter photographs 
of this stream, and the wide mouth of the stream freezes over very smoothly, with 
the surface generally swept clear of snow; but photographs taken in September 
show what appears to be a fair flow of water about 30 feet wide, and it may well 
be that the flow continues all winter under the ice. The hole is not, however, opposite 
the mouth of the river but very much to one side, and there is no obvious reason to 
connect the two. Furthermore surface run-off would be unlikely to result in a per- 
fectly round pool. 

There remains underground water in the form of springs, either hot or cold. 
The area is one of hard impervious rock, but the many faults suggest that springs 
from below the permafrost are by no means improbable. And a spring could provide 
the kind of narrow, even column of water necessary to produce such a pool. The 
late winter opening however remains puzzling. It might be expected that any spring, 
hot or cold, would keep the pool open all through the winter. The late opening pre- 
supposes not merely that the flow is insufficient to keep the area from freezing over 
in the fall, but that it then becomes strong enough to melt through the ice that has 
already formed. This ice may be relatively thin, forming a weak point in the ice cover, 
but some change in the force of the flow would be necessary to cause it to open up. 
A possible explanation might be that freezing of the active layer at this time of year 
reaches a stage that in some way affects the hydrostatic pressure and increases the 
flow of the spring. 


REFERENCES 


RERNIER, J. E. ,Report on the Dominion Government Expedition to Arctic Islands 
and Hudson Strait on board the C. G. S. «Arctic», 1906-7’. Ottawa, 1909. 
Fortier, Y. O., and L. W. Mortey. «Geological Unity of the Arctic Islands». Trans. 
Roy. Soc. ‘Can., Vol. 50, Series 3, Can. Com. on Oceanography, June 1956. 
WorDIE, J. N. «An "expedition to North West Greenland and the Canadian Arctic 

in 1937». Geog. Jour., Vol. 92, No. 5, November 1938. 


519 


SCOPE, STATE AND DEVELOPMENT 
OF PRECISE GLACIER SURVEYS ON THE EARTH 


R. FINSTERWALDER 
Munich 


ABSTRACT 


Precise glacier surveys are of special value, as they enable us not only to fix 
position, height and surface of glaciers but also in the case of repeated measurement 
to know the variations of glaciers and the change of climate. This was shown by the 
author in the case of Eastern Alps. : 

The accuracy necessary for the heightmeasurement of the whole glacier surface 
S about 1-2 ft.; several points have to be fixed with higher accuracy. The surveys 
should be done at the time of the yearly minimum of snow-cover above the snow 
line. f 

As method for the survey photogrammetry is convenient, in high mountains 
especially the terrestrial method, in the arctic or antarctic regions with their flat 


Western Alps: Rhone-, Unteraar-, Aletschglacier. 

Eastern Alps : Eight typical glaciers in Zillertal-, Stubai- and Oetztal Alps. 
Himalaya: Baltoro- and Rakhiotglacier. 

Greenland: Equip Sermia on the western coast. 

2. Once surveyed: 

Western Alps: several. 

Eastern Alps: 14 typica! glaciers in the Geophysical year 1957. Aeral Surveys 1952 
of most Austrian glaciers. 

Norway : Glaciers of Jostedalsbree, Spitzbergen. 

Himalaya : Baitoro-region, Nanga-Parbat-region, Kangchendzénga-region, 
Hunza-Karakorum. 

Pamir: Fedtschenko region. 

Northern America : Cascade Range, Mt. Rainier. 

Southern America: Cordillera Blanca, Cordillera of Huay Huash. 

Africa: Ruwenzori-mountains, Mt. Kenya. 


ioe In the Alps. 0,40 m/year medium loss of height of glacier surface between 
20-1950. 


Rise of snow-line: 60-90 m from 1920-1950. be 
In the last three years : More accumulation in the firn regions 1-3 m in the whole. 


Himalaya — Nanga Parbat, Rakhiot-glacier: Retreat since 1924, but now again 
growing (greater ice-velocity). 


Future Development: Owing to difficulties caused by wet and cloudy summers 


choose a little test-glacier which is surveyed every year: the other glaciers to be 
surveyed in the middle each Sth year. 


as for instance of ice velocity and of the depth of the glacier 
soundings, give furtheron valuable data. 
The author has explained in an article « 
scherriickgangs an Ostalpengletschern » in whi 
and complete measuring the surface of whole glaciers 
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_ climate, for instance the raising of the snowline. In this paper it is discussed how 
we can attempt to perform such work over the whole earth, what results have been 
hereby already reached and what results we can aspire and how we can prepare them. 
AS «precise» glacier measurements we understand in the following such surveys 
by aid of which it is possible to fix the glacier-surfaces. This is done during the yearly 
snow-minimum above the snow-line with an accuracy of height of 1-2 ft over the 
whole surface. Several points ice- or snowgauges should be fixed still more precisely. 
Higher accuracy is not necessary for fixing of the surface as one single snowfall can 
cause alterations of the surface height in this amount. Out of the same reason one 
cannot obtain generally the yearly snow-minimum with higher accuracy. It would 
also be rather difficult and very expensive to make measurements more precisely 
over extended areas especially in big firn basins. On the other hand the accuracy of 
1-2 ft is necessary in order to fix the relative small alterations of height in the firn 
regions; the amount of them is only a little fraction of those in the tongue areas 
but it is of special glaciological and climatic interest to know these small alterations 
in the firn region.. 

In order to survey glacier-surfaces, as a measuring method above all photogram- 
metry comes into question, and that as well terrestrial as aerial photogrammetry. 
The first is of advantage especially in high mountains, as on uses fixed standpoints 
on solid terrain near the glacier. Triangulation for determining the coordinates can 
be easily connected with the photogrammetric work. In the case of later repetition of 
the photogrammetric survey it is of decisive value, that the standpoints can be 
relocated mostly without difficulty by aid of the former photographs. In the case 
of air-photogrammetry fixing and identification of the necessary control-points 
is very difficult. The determination of the control-points requires a flow of work 
entirely separated from the aerial survey. Signalization of points above the snowline 
and identification of such points is that difficult, because marking and survey-flight 
are performed at different moments, and as in the meantime the limits of snow, 
which are often near the points, change very noticeably. — The largely extended 
firn-areas are often rather white and do not show any crevasses; they give very poor 
or in several cases no possibility for setting the seen floating mark stereoscopically 
onthe ground. Asa rule terrestrial photogrammetry is also in this respect of advantage, 
as it is more versatile for example it allows to wait for better light-conditions. 

In the flat glacier regions of the polar-icecaps as a rule aerial photogrammetry 
is the method to be considered if it is possible at all to overcome geodetically the huge 
ice- and firn areas. With increasing distances from the ice-borders the possibilities 
of precise glacier measurements deteriorate, as also meteorological conditions are 
not common, and as the atmospheric refraction is exceptionally great and irregular. 
Therefore normal geodetic methods for fixing points and controlpoints fail or are 
rendered extremely more difficult than usual. 

Measurements of ice-velocity are important, as growing and decreasing of the 
glaciers are of influence also on the ice velocities. Measurements of ice velocity can 
be performed photogrammetrically on glacier tongues if they are quickly moving, 
on the other hand geodetic intersection-methods can be taken into consideration 
using points on solid terrain near the ice border as standpoints. The measured 
points on the ice are fixed by poles drilled into the ice or by other signals. The poles 
can be also prepared for measuring the ablation. The possibility for accurate velocity- 
measurement deteriorates with increasing distance of the solid ice-border. In addition 
it has to be considered to determine only the relative velocities especially in order to 
get the divergence or convergence of the streamlines. In the case of velocity measu- 
rements over long time-intervals, perhaps over one or two years, the distances 
covered by the ice are so large that eventually most precise astronomical measurements 
can be performed in order to fix the starting and the end point of the movement. 
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STATE OF PRECISE GLACIER SURVEY 


In the following the attempt is made to give a summary of those glaciers which 
are already measured with the accuracy mentioned before. Of special value are those 
glaciers the measurements of which are repeated, systematically worked out and put 
together. 

But it is emphasized that our summary is by no means complete. On the contrary 
it is suggested that the Commission on Snow and Ice initiates the completion of the 
Summary on an international scale. 


1. Repeatedly surveyed glaciers 


Western Alps: Rhone-Unteraar-, Aletschglacier 
Basic publication « Vermessungen am Rhonegletscher 1874-1915 mit zahireichen 
Karten», Basel 1916. 

Eastern Alps: Eight typical gladiers of different size. Several repetitions between 
1880 and 1955. R. Finsterwalder « Die zahlenmassige Erfassung des Gletscherriick- 
gangs an Ostalpengletschern». Zeitschr.f. Gletscherkunde Bd. Il, Heft),2/1953, 
S. 189-239 with contour plans of the glaciers and their states. 

Himalaya: Rakhiot-glacier in the Nanga Parbat group. Surveyed in 1934 and 
1954. W. Pillewizer « Der Rakhiot-Gletscher am Nanga Parbat 1954» Zeitschr. f. 
Gletscherkunde Bd. III/2 1956, S. 180-194. 

Greenland: Tongue of Equip Sermia in Western Greenland. Several times surveyed 
at last by Expeditions Polaires Francaises. 

Spitzbergen: Glacier Goes, Ginsegletscher. Surveyed 1899 and 1938. W. Pille- 
wizer. Petermanns Geogr. Mitt., Erg. Heft Nr. 238, S. 14. 


2. Once surveyed glaciers. 


Existing official maps. The official maps of Germany, Austria, Switzerland, 
Italy and France are surveyed in large scales 1:25 000 or 1:50 000. Notwithstanding 
they are in general not convenient for accurate glacier investigations. In surveying 
and compilation of these maps it was not possible to take care of glaciological aspects 
and the special conditions of the glaciers. Though for mere topographical purposes 
they are sufficient, the accuracy of 0,50 m is generally not reached for the heights of 
the surfaces in the firn areas. Also the limits between snow and solid terrain are 
very often not so well and reliably worked out as it is necessary for glaciological 
investigations. Very often the surveys are not done at the time‘of the yearly snow- 
minimum, therefore the maps do not correspond to the actual yearly state of the 
glacier. Often the date of the survey is not indicated on the map. 

Strips of aerial photographs have been made 1953 by the Austrian Bundesver- 
messungsamt over the entire Austrian Alps nearly at the time of snow minimum. 
They however have not yet been evaluated for glaciological purposes in particular. 

It would be desirable to find out those glaciers, which are really precisely measured 
by official topographic surveys; if there would exist a great number of such glaciers 
one had to chose typical glaciers for further glaciological measurements. At the 
end of this article something is said about this choice. 

In the following list mainly special photogrammetric Surveys of high accuracy 
fit for glaciological investigations are enumerated: 

Norway: Nigardsbre, Toerbre and Bergsaterbre in Jostedal surveyed 1937 in 
1:25 000. Published Allgemeine Vermessungsnachrichten 1951. « Erd- und Luft- 
photogrammetrie im Gebirge. Zur Karte des oberen Jostedal in Siidnorwegen ». 

Spitzbergen: Some typical glaciers in the Hornsund-regions. Map 1:25 000, 
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W. Pillewizer: « Die kartographischen und gletscherkundlichen Ergebnisse der 
deutschen Spitzbergen-Expedition 1938». Peterm Geograph. Mitt. Erginzungsband 
238, 1939. 


Himalaya: 
Karakorum-Baltoro-Glacier. Work and maps of the Italian Research-Expeditions 
of the Duke of Abruzzi and Prof. Desio. Data. of publications will be supplied later. 


Himalaya-Nanga Parbat: « Die Gletscher des Nanga Parbat» 1934, Map 
1:50 000. Zeitschr. f. Gletscherkunde Bd. XXV 1937, S.57-108. 


Zemu-Gletscher: Map 1:33 333 by K Wien, published in the book «Um den 
Kantsch » by Paul Bauer 1933. 


Pamir: Fedtschenko-glacier and the others glacier of the Seltau-group and Transalai- 
chain. Map 1:50000. Wissenschaftl.Ergebnisse der Alai-Pamir Expedition 1928, 
Bd.I u. If D. Reimer, Berlin 1932. Ferner K. Wien « Die Gletschergebiete der Pamire 
und Westturkestans ». Zeitschr.f.Gletscherkunde XXIII, 1955, S.36-56. 

In work, under compilation. Map of Hunza-Karakorum especially of the Ba‘ura- 
glacier surveyed 1954 by Pillewizer and Heckler+ 1:50.000 Map of Everest-group 
1:25 000 surveyed 1955 by E. Schneider. 


North-America: Nisqually-Glacier on Mt. Rainier surveyed 1952 , Map 1:25.000 
W. Hofmann. « Zur Karte des Nisqually-Gletschers » Z.f.Vermessungswesen 1955, 
S. 198 — Repetition of the survey and extension over all glaciers of Mt. Rainier 1956 
by W. Hofmann. 


South-America: 

Cordillera Blanca: Huascaran group surveyed 1953 by W. Hofmann.. Map 
1:25 000 under compilation. 

Cordillera of Huayhuash. Map 1:50 000, surveyed 1936 H. Kinzl, F. Ebster, 
u.E.Schneider. « Die Karte der Cordillera von Huayhuash>». Zeitschr. d.Ges. f. 
Erdkunde, Berlin 1942, S. 1-35. 


Africa: 

Ruwenzori — mountains. Map surveyed in 1:25000 in 1938. A. Stumpp. 
« Kartierungsarbeiten im Ruwenzori-Gebirgte». Bildmessung und Luftbildwesen 
1952, S. 142, Allg. Vermessungsnachrichten 1952/6. 

Mt. Kenya: Lewis-glacier surveyed 1924, mapped in 1:13 333. C. Troll: « Der 
Gipfelgletscher des Mt. Kenya. Glaciers and Climate ». Geografiska Annaler 1949. 
S 257-274. 


Summarizing it is to say, that on some essential places of the earth the base 
has been established for obtaining the variations of glaciers and the climate. But 
it is necessary to repeat the surveys. In principle these repetitions can be performed 
with less work and expenses than the primary survey, as the basic trigonometric 
measurement for fixing stand- and controlpoints have not to be repeated. 


Results. On some places we have already now the possibility to characterize 
glacier and climate variations and this on the base of repeated measurements. 

1.) Alps: Since 1920 the glaciers retreat again. The medium loss of height of the 
surface of a whole glacier is 0,40 m/year. During the last three years 1953-1956 the 
retreat has come to a standstill. Three cool and wet summers have caused even an 
increase of the firn-surface. It amounts on the firn-line to about 1,20 m. In higher 
regions the amount is about 5 m, in a height of 500 m above the firn-line. — The 
tongues of long glaciers are still retreating; on short active glaciers a little advaiicing 
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has already influenced the tongue, It is to suppose that the glecie1-retreat has been 
stopped but temporarily. 

Between 1920-1950 the snow-line raised about 60-90 m. 

2.) Himalaya — Nanga Parbat. Since 1934 a relatively small retreat of the 
tongue is noticeable. Its end has retreated about 500 m. In the moment one can 
conclude from measurements of the ice velocity to an advance. The velocity is about 
20% larger than 1934. As the results have been obtained by one glacier only they 
are somewhat uncertain. Therefore it is advisable to generalize the results only with 
caution. 

3.) Greenland. The Equip Sermia in Westgreenland in 70° n.lat. shows at the 
tongue-end a small retreat. 


Development in future time. 


It is to suggest that in the coming years especially for the next Geophysical 
Year more glaciers will be surveyed precisely and that measurements will be repeated 
for glaciological purposes. Therefore some experiences may be communicated 
especially such ones made during the last three cool and wet summers. 

In cool and wet summers it is very difficult and time consuming to obtain suitable 
glacier surveys with an accuracy of 0,50 m in the firn regions. Also the borders between 
firn and solid terrain cannot be fixed clearly enough. Due to repeated fall of fresh 
snow the firn surfaces are absolutely white during the whole summer. They are also 
during temporarily good weather without seizable details. The stereophotogrammetric 
results are therefore incomplete and insufficient. In order to bridge over these insuf- 
ficient resuits it is of use to survey a small «test» glacier with particular accuracy. 
On small glaciers the surveying distances are also small. It is possible even a short 
time after fresh snowfalls to perform succesfully stereophotogrammetric surveys 
as experience has proved. The author has used as test glacier for the northern East 
alps the « Noérdlicher Schneeferner» near the Zugspitze in the Wetterstein Alps. 
It is only 9,3 qkm in size but it is a glacier still entirely active. One can reach it by 
a mountain-railway. On the middleof itnearthe snowline a gauge has been established. 
Position and height of this gauge is fixed every year. One can obtain by that the whole 
accumulation of the year as well as the horizontal and vertical movement. A detailed 
report about the importance of such a test glacier in connection with the other glaciers 
surveyed will be given later. 

There is a further question how often the precise measurement of several glaciers 
has to be repeated and how many glaciers have to be investigated. It is of importance 
that the efforts and expenses neither of the fieldwork nor of plotting and working 
out should be too great and that the results can be shown in a clear form. According 
to the experience of the author about measurements at glaciers of the eastern alps 
it should be sufficient for this part of the alps to repeat the measurement at 10 typical 
glaciers every five years. But it is necessary to survey annually one or two small 
favourably located test glaciers. 
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INVESTIGATIONS 
ON GRINNELL AND SPERRY GLACIERS, 
GLACIER NATIONAL PARK, MONTANA (*) 


ARTHUR JOHNSON 
United States Geological Survey Washington, D. C. 


ABSTRACT 


Information on the extent and characteristics of the Grinnell and Sperry Glaciers 
was first recorded on the Chief Mountain topographic quadrangle mapped in 
1900-1902. Annual determinations of terminal recession were initiated in 1931. 
Profiles to show changes in surface elevations have been measured annually on 
Grinnell Glacier starting in 1950. Similar measurements were made on Sperry 
Glacier in 1949, 1950, 1952, and 1956. Data on rates of movement have been obtained. 
Precipitation on and runoff from Grinnell Glacier and its enclosing cirque have been 
measured since 1949. A map of each glacier was compiled in 1952 from aerial 
photographs taken in 1950. The information now available indicates that the rapid 
rate of shrinkage that occurred during the 1920’s and 1930’s has appreciably decreased 
since the late 1940’s. The variations on the Grinnell Glacier since 1950 have been 
within such narrow limits that the glacier can be considered as having been in a state 
of balance during this period. The Sperry Glacier has shown a continued terminal 
recession, but at a decreasing rate. 


INTRODUCTION 


The Grinnell and Sperry Glaciers, at latitude 48’’45’ and 48’’38’ respectively, 
are now presumably the two largest glaciers in Glacier National Park. They are 
17 and 25 miles south of the Canadian border, nine miles apart, and located on opposite 
sides of the Continental Divide. The Grinnell Glacier is in the Hudson Bay drainage 
and the Sperry Glacier is in the Pacific Ocean drainage. 

The Grinnell Glacier was named in honor of George Bird Grinnell who was 
one of the first to explore the mountains in that area. His first trip to the glacie1 
was in 1887 and several photographs taken at that time are in the files of the Park 
Naturalist at Glacier National Park. It is believed that the pictures taken that year 
were not only the first to be taken of the Grinnell Glacier but of any glacier in the 
area that is now Glacier National Park. A comparison of these with subsequent 
pictures provides a measure of the changes that have occurred in the intervening 
periods. 

The Sperry Glacier was named for Dr. Lyman B. Sperry, of Oberlin College. 
He camped in Avalanche Basin in 1894 and deduced from the milkiness of the 
water flowing into Avalanche Lake that it came from a glacier. In 1895 he succeeded 
in scaling the cliffs at the head of the basin and reached a point from which the glacier 
could be seen. Albert L. Sperry (1938, p. 51), nephew of Dr. Sperry, and a member 
of his party describe the impressions gained from their first view of the glacier as 
follows: 

«While standing upon that peak overlooking the terrain above the rim wall, 
we got the thrill of thrills, for there lay the glacier, shriveled and shrunken from its 
former size, almost senile, with its back against the mountain walls to the east of 
it, putting up its last fight for life. It was still what seemed to be a lusty giant, but 


(*) Publication authorized by the Director, U.S. Geological Survey. 
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it was dying, dying, dying every score of years and as it receded, it was spuing at its 
mouth the accumulations buried within its bosom for centuries.» 

The glacier was first actually reached in 1897 by Dr. Sperry and his party. The 
route followed that year took them near the present site of the Sperry Chalet and 
through the saddle between Edwards and Gunsight Mountains, the same genera 
route of approach now in use. Several pictures taken on. this trip were published 
in a book entitled Avalanche (Sperry, 1938). They are of considerable general interest 
but are not as useful for comparative studies as the early pictures of the Grinell 
Glacier. One of these pictures shows clearly a part of the teminal moraine which 
is Now a prominent topographic feature 1500-2000 feet from the present ice front. 
The ice front was against the moraine but well below the top of it indicating that 
recession was in progress at that time. 

The first factual data available for the glaciers resulted from the mapping of 
the Chief Mountain quadrangle by the U. S. Geological Survey (scale 1:125,000, 
contour interval 100 feet) during the years 1900-1902. The exact year in which the 
area surrounding the glaciers was mapped is not known. 

William C. Alden of the U. S. Geological Survey, made studies in the Glacier 
National Park area during the summers of 1911, 1912, and 1913. His report (1914) 
describes the glaciers and discusses the glacial phenomena observed during the course 
of the above studies. 

George C. Ruhle, Park Naturalist, Glacier National Park, started terminal 
recession measurements of the Grinnell and Sperry Glaciers along with others in 
1931. These measurements were continued through 1944. Data on terminal recession 
are among those which have been obtained since 1945 by the Park Service and the 
U. S. Geological Survey working together. 

J. L. Dyson mapped the Grinnell Glacier in 1937 and the Sperry Glacier in 1938 
and remapped the Grinnell Glacier and lower portions of the Sperry Glacier in 1946. 
He has published several reports based on the results of his mapping and related 
studies which will be referred to later. 

Maps of the Grinnell and Sperry Glaciers have been compiled by the U. S, 
Geological Survey from aerial photographs taken in 1950. 

The results of the various observations and studies are described for each glacier. 


GRINNELL GLACIER 


Area and Recession 


= 


The Grinnell Glacier at the time of the mapping of the Chief Mountain quadrangle 
had an area of 570 acres. At that time the glacier consisted of two parts,a very steep 
upper part lying on a bench in the western part of the cirque anda lower larger part — 
the main mass of the glacier. These two parts were connected by a narrow tongue 
of ice. This disappeared some time between 1911 and 1929 (Dyson and Gibson 1939, 
Pp 683) leaving two independent ice bodies. The lower one is considered herein to 
be the Grinnell Glacier. The area of the glacier, based on the mapping by Dyson 
was 328 acres in 1937 and 280 acres in 1946. The area in 1950 as determined from 
the U. S. Geological Survey map was 257 acres. Dyson (1940, p. 508) estimated that 
the shrinkage of the glacier during the 40 year period 1897-1937 may have been more 
than 50 percent of its volume. 

Recession measurements of the Grinnell Glacier were started by the Park 
Naturalist in 1932. These were made from marked control points to several points 
along the ice front and the average increase in the distance from the control points 
to the ice front was taken as the terminal recession since the previous measurement. 
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The recession from 1932 until 1937, the year the glacier was first mapped by Dyson, 
~ totaled 165 feet or an average of 33 feet per year (Beatty and Robinson, 1948). A 
comparison of the 1937 and 1946 maps by Dyson (1948, p 101) shows that there was 
an average recession of 318 feet along 6540 feet of the glacier front during the inter- 
vening period or an average of 35 feet per year. 


In 1945 a new method of measuring terminal recession was initiated by the 
National Park Service and the Geological Survey working cooperatively. Several 
points were permanently marked on the rock ledges in front of the glacier. These 
were used as instrument stations and the terminus mapped by plane table methods. 
A comparison was made for a half-mile section of the ice front, or terminus, extending 
sooutheastward from the lake at the northern border of the glacier. The front in the 
lake was excluded since changes there due to sections breaking away into the lake 
would not necessarily be indicative of the true recession. The results for the half-mile 
section are as follows: 


Denod eae cos Average annual Total recession 
feet recession since 1937 
(fect) (feet) (feet) 

a/ 1937-1945 270 33.8 270 
1945-1947 29 14.5 299 
1947-1950 46 153} 345 
1950-1952 5 DES 349 


al 1937 position of terminus from map by Dyson. 


a 


Tje recession was not uniform along the half-mile section. A 500-foot portion 
of the front was much the same in 1945, 1947, 1950 and 1952. The ice front has not 
been mapped since 1952 but pronounced changes since then are not apparent. The 
apparent recession for the 1950-1952 period should not be taken too literally since 
the irregularities in the topography of the bed rock along the ice front have a consi- 
derable influence on its actual position. Even allowing for possible inconsistencies. 
the foregoing table indicates that there was a pronounced decrease in the rate of 
recession starting about 1945 and that the recession since 1950 has been negligible. 


Changes in Surface Elevation 


Since 1950 two profiles, originating from the same point, and making an angle 
of 52° to each other, have been measured. For purposes of analysis and comparison 
these profiles have been broken into segments and the mean elevation computed 
for each year cf observation. The results of this analysis are shown in the following 
tables. 


527 


PROFILE | 


Mean Elevation, Feet 
Spree Sa A RTL ib AC 
Se ee ee ee 


Distances from initial point, feet 


Date 
100-500 500-1000 100-1500 1500-2000 

Sept. 14, 1950 6463.5 6510.3 — — 

Aug. 22, 1952 6463.6 6510.0 6529.5 —- 

Sept. 4, 1953 6460.2 6505.5 6523.6 — 

Sept. 27, 1954 6461.1 6505.8 — — 

Sept. 8, 1955 6462.0 6505.1 6523.9 — 

Aug. 30, 1956 6462.6 6504.4 6562.9 6515.4 
ee eee 

PROFILE 2 


Mean Elevation, Feet 
a NEE eS 


Distances from initial point, feet 


Date 
100-500 500-1000 1000-1500 1500-2000 2000-2500 
Sept. 14, 1950 6460.1 6523.3 6564.8 — — 
Aug. 22, 1952 6460.3 6522.6 6563.8 6604.8 — 
Sept. 4, 1953 6458.4 6519.5 — — — 
Sept. 27, 1954 6459.5 6522.0 6564.4 — — 
Sept. 6, 1955 6460.6 6521.8 6563.9 = — 
Aug. 30, 1956 6461.7 6521.6 6563.8 6604.6 6659.9 


I rt ET ae One ane 


The results in the above tables can be summarized as follows: The 1950 and 1952 
values for profile 1 were essentially the same. There was an appreciable decrease 
from 1952 to 1953, varying from three to six feet. Since 1953 the segment from 100 
to 500 feet from the initial point has indicated a gradual increase totaling slightly 
over two feet whereas the segments from 500 to 1000 and 1000 to 1500 feet have 
indicated a net lowering of about one foot. The lower elevation for the segment 
from 1500 to 2000 feet as compared with the segment from 1000 to 1500 feet is con- 
sidered due to the abrasive action of the stream which falls trom the cirque wall 
onto the gldcier in this area. 

The conditions along profile 2 have remained much the same during the 1950- 
1956 period as shown by the foregoing table. The 1956 and 1952 profiles were essen- 
tially the same throughout with the exception of a slight increase in the first 400 
feet from the initial point shown by the 1956 measurements. The tabular data show 
a lowering from 1952 to 1953 of from two to three feet, a change similar to that 
noted for profile 1. This lowering tendency has been overcome in subsequent years 
and the 1956 values are practically the same as the 1952 values. 
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Neaeneeee Ee ee eS a ae 


In brief, the data in the above tables indicate that at profile 1 there has been 
a lowering of the surface elevation sinced 1952 in amounts up to as much as six feet, 
whereas for profile 2 the changes in the surface elevations of the glacier have been 
within such narrow limits that it can be considered as being essentially the same 
throughout the six-year period 1950-1956. 

It is of interest to note that there was no essential difference in profile 2 between 
1952 and 1956 whereas profile 1 showed a definite lowering during that period. The 
fact that the latter is nearest the lake at the northern end of the glacier and, as will 
be explained later, appears to be the actual terminus, may have some significance. 
This may also indicate a condition similar to that observed on the Sperry Glacier, 
viz., that the section adjacent to the terminus is lowering whereas the upper part 
remains much the same. The differences exhibited by these two profiles should be 
carefully watched in future years. 


Movement 


The first measurements of movement were made by Alden (1923, p 268) during 
the four-day period August 26-30, 1920, a period of chilly, rainy, and snowy weather. 
Four markers were set in the frontal edge of the glacier. The movement ranged from 
one inch to 4 3/4 inches during the four-day period. These measurements were 
characterized by Alden as too crude to form a basis for estimating the average daily 
or annual rate of advance of the ice. They do indicate, however, that the rate of 
movement was rather slow. 

Dyson and Gibson (1939, p 689) estimated the rate of movement by considering 
the relation between statification lines, assumed to be the surface expression of 
boundary planes between successive seasonal accumulations of ice, and distance 
across the glacier. Careful study of photographs with a hand lens identified 60 bands 
from the south cirque wall to a point on the east front, a distance of 1800 feet, giving 
an annual movement of 30 feet per year. 

Data on movement have been obtained since 1947 by relocating marked boulders 
from year to year. Three boulders marked in 1947, two in 1950, and there in 1952 
have all shown a movement of from 35 to 40 feet per year in parallel directions. This 
direction has been generally north or slightly east of north whereas the ice edge which 
had previously been considered the terminus or front has a northwest-southeast 
direction. It now appears that this is more a lateral boundary or edge rather than 
the terminus whereas the actual terminus is at the southern edge of the lake now 
forming the northern border of the glacier. It is of interest to note that the general 
direction of movement indicated by the marked boulders is much the same as the 
direction of the two long, narrow screen areas shown on the 1950 U. S. Geological 
Survey map. It is also of interest to note the fraily close agreement between the rate 
of movement since 1947 with that determined by Dyson and Gibson (1939, p 689). 


Precipitation and Runoff 


In order to attain a better understanding of the relation and develop possible 
correlations between precipitation and runoff, and glacier variations the investigations 
at Grinnell Glacier have included precipitation and runoff records. In 1949 the U. S. 
Weather Bureau, cooperating with the Park Service, installed a storage precipitation 
gage at the end of the horse trail, within one-half mile of the glacier. During the same 
year the Helena office of the Geological Survey installed a gaging station at the 
outlet of Grinnell Lake to measure the runoff from the Grinnell Glacier and its enclo- 
sing cirque. This gaging station is nearer to a glacier than any other gaging station 
in the United States. A continuous temperature record has been obtained at this 


529 


gaging station since 1951 and summer precipitation. measurements were started 
in 1956. A second storage precipitation gage was installed jointly by the Weather 
Bureau and the Park Service in 1955 about 3,000 feet south-southeast of the 1949 
installation. These gages are now designated a Grinnell No. | and Grinnell No. 2 
in Weather Bureau: records. 


Dightman (1956, p 329-332) has analyzed the temperature and precipitation records 
for three stations, Kalispell, West Glacier, and Fortine, which are within 60 miles 
of the Grinnell Glacier. The longest record is for Kalispell which extends back to 
1897. The ten year moving average for temperature at this station shows an increase 
from about 1905 to 1915, very little change from 1915 to the mid 1920’s, a definite 
increase from then until the early 1940’s, and a general decrease thereafter. The 
ten year moving average for precipitation shows a pronounced decrease from 1915 
to 1925, a slight increase from 1925 to the early 1940’s and a marked increase through 
1951. Records for West Glacier and Fortine, starting in the 1930’s show variation 
similar to those recorded at Kalispell. 


The pronounced shrinkage and recession of the Grinnell Glacier which occurred 
during the 1920’s and 1930’s coincides with the higher than average temperatures 
and decreased precipitation occurring during that period. The approximately stable 
condition of the glacier observed since about the mid 1940’s coincides with the 
lower average temperatures and greater precipitation that has been evident since 
the early 1940's. If the general trend of temperature and precipitation that has existed 
since the early 1940’s continues for several more years it seems logical to assume 
that the glacier may begin to increase in size and volume. 


SPERRY GLACIER 


Area and Recession 


The Sperry Glacier, now considered to be the largest single ice-mass in Glacier 
National Park, had an area of 840 acres at the time the Chief Mountain quadrangle 
was mapped. The area in 1938 was shwon by Dyson’s map to be 390 acres, and in 
1950 it was 298 acres according to the U. S. Geological Survey map. 


Dyson (1948, p 97) from a study of 1913 photographs estimated that the average 
recession of the terminus from that year until 1938 was 1533 feet measured along 
5700 feet of the front, or an annual average of 61 feet. 


Markers for recession measurement were set by the Park Naturalist in 1931. 
These were not found in 1932 and were presumed to have been coveted with snow 
from the previous winter. No data were obtained for the years 1933 and 1934, New 
markers were set in 1935 and apparently the 1931 markers were not found as no data 
are given for the 1931-1935 period. The recession for the 10-year period 1935-1945 
was 641 feet or an average of 64 feet per year. This agrees closely with the annual value 
for the 1913-1938 period mentioned above. The mapping in 1938 did not tie in the 
markers used for recession measurements so a correlation between the recession 
measurements and the mapping is not possible. 


The method of determining terminal recession by plane table mapping as des- 
cribed for the Grinnell Glacier was also initiated for the Sperry Glacier in 1945. 
The terminus was remapped in 1947, 1948, 1949, 1950, 1952, and 1956. The total 


recession and annual rate for a half-mile section near the center of the front for 
selected periods is shown below. 
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Recession of terminus, in feet, of central half-mile portion 


eS 


Period Recession for period Annual rate 
a/ 1938-1945 351 50 

1945-1950 heft 35 

1950-1956 85 14 


a/ Position of 1938 terminus from map by J. L. Dyson. 


The recession along the half-mile section considered was not uniform. During 
the 1938-1945 period the change varied from a maximum of 600 feet to a minimum 
of less than 100 feet. Similarly, during the 1950-1956 period the change varied from 
more than 500 feet to less than 100 feet. The terminus at the time of mapping in 1956 
was still covered in some places with snow from the previous winter and the exact 
ice front could not be clearly defined. Consequently, the front as mapped may, in 
places, show it to be farther down valley than is actually the case. The total and 
annual recession for the 1950-1956 period may therefore be somewhat greater than 
shown but the amount is not believed to be appreciable. Even allowing for some 
error in the above table for the 1950-1956 period the data indicate that a pronounced 
decrease in the rate of recession has occurred during the period of record. 

The maximum recession has occurred at about the midpoint of the front. In 
1938 the front was farthest forward at this point. The front of the ice farthest up-valley 
in 1956 was opposite the most forward point in 1938. It appears that the terminus 
is gradually changing from a convex front as shown on the 1938 map to a concave 
front as indicated by the 1956 mapping. Such a change is to be expected in a receding 
glacier. 


Changes in Surface Elevation 


Based on studies of the Nisqually Glacier on Mt. Rainier, Washington (Johnson, 
1953) terminal recession does not necessarily indicate a shrinkage or lowering of 
the surface of the entire glacier. In order to obtain quantitative data on surface 
changes of the Sperry Glacier a profile was measured across the glacier approxi- 
mately midway between the terminus and upper boundary in 1949 and remeasured 
in 1950, 1952, and 1956. A longitudinal profile at about right angles to this cross- 
profile and about two-thirds of the distance across the glacier from the left or west 
edge was also established in 1949 and remeasured in 1950, 1952, and 1956. 

From a comparison of the profiles for the years of record the following general 
statements can be made. 

The results of the measurement along the cross-profile in 1950 were practically 
the same as those observed in 1949. The 1952 profile was above that for 1950 across 
the entire glacier, in places as much as ten feet. These maximum differences were 
in the side portions with little change evidenced in the central section. Similarly, 
a comparison of the 1956 and 1950 profiles shows that the 1956 surface was well 
above that for 1950 from the left or west edge for a distance of 1600 feet with maximum 
observed differences up to 15 feet; across the next 500 feet there was very little diffe- 
rence between the 1956, 1952, and 1950 surfaces; and from there on to the east edge, 
a distance of about 1000 feet, the 1956 surface was above that of 1950 by as much as 
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15 feet. The lowest part of the profile is about 1700 feet from the west edge of the 
glacier and it is of interest to note that for several hundred feet in this area there 
was no appreciable difference between the profiles in 1950, 1952 and 1956. 

In comparing the 1952 and 1956 results with 1950 it must be kept in mind that 
the observations in 1950 were made about a month later than those in 1952 and 1956. 
Even allowing for the ablation during that month interval it would appear that the 
1956 profile would be considerably above the 1950 profile with the exception of the 
central portion already mentioned. Whether or not this increase in surface elevation 
represents the beginning of a build-up in this area of the glacier or merely a variation 
in the residual snowfalls from year to year is a point that can only be determined by 
measurements in future years. 

The changes which have been disclosed by measurements of the longitudinal 
profile are particularly noteworthy. The lower portion of the glacier has continued to 
decrease in surface elevation where:s the upper portion shows a slight increase or 
build-up. The point of transition is approximately 2,000 feet along the line of the 
profile from the 1956 terminus of the glacier and near the point of intersection of 
the longitudinal profile and the cross profile. The 1956 surface near the terminus 
was as much as 35 feet below the 1952 surface and as much as 40 feet below the 1950 
surface. At a point about 750 feet back from the 1956 terminus the 1950, 1952, and 
1956 profiles intersect. The section immediately upglacier from this point of inter- 
section exhibits an interesting phenomena. The ridge paralleling the front, which 
has been a prominent feature of this glacier for many years, has been increasing 
in elevation and moving upglacier. The crest of this ridge was 16 feet higher in 1956 
than in 1950 and about 60 feet farther upglacier. A change amounting to about an 
eight-foot increase in elevation and a 30-40 foot movement upglacier was noted to 
have occurred between 1952 and 1956. Similarly, the trough or depression on the 
upper side of this ridge had likewise been moving upglacier. The low part of this 
trough was about 100 feet farther upglacier in 1956 than it was in 1950 and three 
to four feet higher in elevation. The change in the position of the low point from 1952 
to 1956 was about 75 feet and the low part of the depression in 1956 was two to three 
feet lower than in 1952. Continuing up the glacier the 1956 surface was definitely 
below that of 1952 and 1950 for the next six or seven hundred feet. From that point 
on the 1956 surface was above that of 1952 and 1950 by varying amounts. The 
maximum difference between the 1956 and 1952 surfaces was about five feet whereas 
the difference between the 1956 and 1950 surfaces was from 12 to 15 feet. As previously 
stated any comparison between 1956, 1952, and 1950 must take into account the 
difference in time of the year at which the measurements were made. Allowing for 
this time difference in observations, the data indicate that the upper part of the 
glacier, if not actually increasing in surface elevation, is at least holding its own whereas 
the lower portion is definitely decreasing in elevation. 

As a further means of comparison the mean elevation of segments of the profiles 
were determined for the years of record. These results are shown in the following 
tables and are self-explanatory. 
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CROSS PROFILE 


Mean elevation, feet 


Distances from initial point, feet a/ 


Date 
100-1100 1100-2100 2100-3100 100-3100 
Aug. 30, 1949 7598.9 VoSsoal 7593.6 7575.9 
Sept. 19, 1950 7597.9 7534.5 7594.3 IEYEYS) 
Aug. 19, 1952 7603.5 7539.0 7600.4 7581.0 
Aug. 23, 1956 7607.0 7539.9 7603.5 7583.4 


a/ Initial point is marker on ledge rock within 100 feet of west edge of glacier. 


LONGITUDINAL PROFILE 


Mean elevation, feet 


Distances from initial point, feet a/ 


Downstream from initial point feet Upstream from initial 
point feet 
Date 
1500-1700 1000-1500 500-1000 0-500 0-500 500-800 500-1000 
ee a es ea i eee 
Aug. 30, 1949 — — 7449.2 7492.4 7569.9 — — 


Sept. 19, 1950 7331.6 7398.2 7447.6 7491.2 7570.7 7663.9 — 
Aug. 19, 1952 7324.3 7397.0 7452.6 7493.5 7576.0 7671.8 — 
Aug. 23, 24,1956 7290.2 7377.6 JA53. 8h WT SSOiaae ou 1-010 1616, hen 7 Oa 


a/ Initial point for the longitudinal profile is on the cross profile and 1967 feet 
from reference point therefor. 
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Movement 


Alden (1914, p. 15) made several observations on rate of movement in a cave 
at the front of the glacier for a 24-hour period, August 16.17, 1933. The maximum 
rate observed was 1 inch in 24 hours. 

In 1949, at the time the profile measurements were initiated, four rocks were 
marked and located. Two of these were found and relocated in 1956. Each showed 
a movement of about 80 feet for the seven-year period and a lowering in elevation 
of between seven and eight feet. These rocks are located about 1800 feet from the 
1956 terminus and about 1800 feet from the left edge. The foregoing observations 
indicate a rate of movement of approximately 10 feet per year in this area of the 
glacier. Considering the shape of the glacier it seems possible that a slightly greater 
rate of movement might occur about midway between the rocks observed and the 
west edge. It would be advisable to obtain data on movement in this area as a part 
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of future investigations. The data now available indicate that the Sperry Glacier 
can well be considered as having a slow rate of movement. 


SUMMARY 


From the data now available the following generalizations can be made. The 
very rapid rate of recession and shrinkage of the Grinnell and Sperry Glaciers that 
occurred during the early 1900’s and particularly during the 1920’s and 1930’s has 
decreased appreciably. This change has been quite evident since the early or mid- 
1940°s. The observations on the Grinnell Glacier indicate that it can be considered 
as having been essentially in a state of balance for the past decade. The Sperry Glacier 
has shown a continual recession of the terminus but at a much lesser rate since about 
1945. Based on observations since 1949 the lower portion of the glacier has continued 
to decrease in surface elevation along with the terminal recession whereas the surface 
elevation of the upper portion has remained nearly the same with some indication 
of a slight build-up or increase. 

The change in trend occurring in the 1940’s agrees with the change in trend 
of increased precipitation and decreased temperatures indicated by weather records. 

Glaciers have been described as «historians of climate» as well as «integrators 
of climate.» The relationship between glacier variations and climatic changes must 
be viewed over a long period rather than on a year-to-year basis. The data that have 
now been accumulated for the Grinnell and Sperry Glaciers, along with studies 
planned for the future, will contribute to a better understanding of the relationship 
between glacier variations and climatic changes. 
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LES INVESTIGATIONS GLACIOLOGIQUES EN L’URSS 


Pror. G. A. AVSIUK, 


SUMMARY 


I. INTRODUCTION 


1. Glaciological investigations during the International Geophysical Year 
(IGY), 1957-1958, will yield numerous fresh data which will provide for a further 
progress of glaciology. 

_ 2. The information on the state of glaciological investigations before the IGY 
which is of a definite scientific interest and is directly connected with the IGY 
operations. 

3. The report includes: the information on the glaciological investigations in the 
USSR before the IGY and during the IGY, as well as some data on peculiarities of 
glacial morphology for various ice regions of our country. 

4. In the recent time many scientists regard glaciology as a science about all ice 
formations on the Earth. However, this report is confined only to the investigation of 
glaciers proper. 


II. PROGRESS IN GLACIOLOGY IN THE USSR BEFORE THE IGY 


1. Glaciological investigations in the USSR before the Second Polar Year (IPY), 
1932—1933. A rather late beginning of the Russian glaciological investigations on 
glaciers. A subordinate role of glaciological operations at the first stage of their 
development. The intensification of glaciological investigations before the Second 
IPY and their general characteristics. 

2. Glaciological investigations during the Second IPY (1932—1933) and the 
so-called «glacier expeditions» within that period. Expeditions to the Arctic, Near- 
Polar Urals, Caucasus, Altai, Tien-Shan, Pamirs. The glacial operations in the Second 
IPY as a big step in the advance of glaciology of the Soviet Union. 

3. Glaciological investigations in the interim period between the Second IPY 
(1932—1933) and the IGY (1957—1958). Glaciological work in the Tien-Shan, 
Pamirs, Altai, Caucasus and the Arctic. The discovery of new regions of modern ice 
formation in the Upper Indigirka and Polar Urals. The organization of stationary 
glaciological investigations in the Antarctic. The beginning of glaciological operations 
in the Antarctic and general characteristics of this period. 


Ill. CHIEF RESULTS OF GLACIOLOGICAL INVESTIGATIONS IN THE USSR By THE BEGINNING 
OF THE IGY 


1. The characteristics of the modern progress of ice formation on the USSR 
territory as a whole and on separate glacial regions: Franz Josef Land, Novaya 
Zemlya, Northern Land, the Island of Eastern Arctic Seas, Polar and Near-Polar 
Urals, Taimyr peninsula, the Indigirka Reservoir, Kamchatka, the Caucasus, Altai, 
Tien-Shan, the Pamirs. 

2. Main peculiarities of the modern ice formation in various glacial regions, 
mostly, as evidence of the influence of continental climatic trends. 

3. The modern ice formation, its probable stability, trends of the ice formation. 
evolution. Probable causes of the modern trends in ice formation. — 

4. Notions on hionosphere, energy and intensity of ice formation. f 

5. The study of the problems on: nourishment, formation and structure of ice; 
temperature and different processes of glaciers under physical and geographical 
conditions. : 

6. Basic glacier types according to the ice formation and temperature regimen. 

7. Zones of glaciers and the dependence of their activity on physical and geogra- 
phical conditions. ; : : 

8. Basic laws of the modern distribution of glaciers with different types of ice 
formations. : : f } 

9. The treatment of problems on structural glaciology, i. e. a science on ice rocks 
and their formation processes. 
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10. The treatment of problems on the interaction of climate and ice formation. 

11. The treatment of problems on the influence of climate and relief upon the 
progress of ice formation. ; 

12. The treatment of problems on the use of glaciers as water sources for 
irrigation and power stations. a eS 

13. The directions of further glaciological investigations. 

14. The list of the main works on glaciology, published in the USSR for the 
last five years, with their short characteristics, 


IV. THE BASIC FEATURES OF GLACIAL MORPHOLOGY AND PECULIARITIES OF GLACIER 
PROCESSES IN VARIOUS REGIONS OF MODERN ICE FORMATION IN THE USSR 


1. General conceptions as a basis for further study of the morphology and 
processes of glaciers. ; 

2. The notion «glacier type» used in the characteristics of glaciers’ morphology. 

3. Rejection of the classical «alpine» formula (the ratio between the square of 
the nevé slope and that of the ice-tongue as an index of «normality» of this or that 
glacier) considered to be universally just. 

4. The conditionality of the notion «nevé line». 

5. The main features of glacial morphology and processes; data on the areas 
of modern ice formation from evidence of separate regions of the USSR. 

6. Data on the total area of modern ice formation in the USSR. 


V. GLACIOLOGICAL OPERATIONS DURING THE IGY 


1. The main objectives of glaciological investigations in the IGY and a summary 
of their problems’ in the USSR. 


2. The IGY investigations as a natural continuation of the earlier glaciological 
Operations in the USSR. 


3. The IGY glaciological stations in the USSR. The principle according to which 
they were selected. 


4. Special significance of glaciological investigations in the Antarctic. 


5. Some information on the progress of glaciological investigations under the 
IGY program. 


I. INTRODUCTION 


Les investigations étendues, entreprises actuellement selon le programme de 
lAnnée Géophysique Internationale de 1957-1958, donneront un nouveau matériel 
immense qui embrasse les phénoménes glaciologiques sous tous leurs aspects. Ceci 
crée des conditions favorables pour une importante évolution Ultérieure de la 
glaciologie. 

C’est pourquoi une information qui éclaire l’état des investigations glaciologiques 
avant le commencement de 1l’Année Géophysique Internationale (VA.G.I.) porte un 
grand intérét scientifique. Une courte information de ce genre caractérisant en traits 
généraux I’état de ces études dans l'Union Soviétique avant le commencement de 
VA.G.I. faiten somme le contenu de ma communication. Naturellement, on y trouver 
aussi certains renseignements relatifs aux particularités essentielles des diverses 
régions de congélation contemporaine dans notre pays. 

Tout derniérement, beaucoup de savants estimérent la glaciologie comme une 
science qui étudie toutes les formes de glace sur la Terre. En ne discutant toutefois 
point cette compréhension étendue de la glaciologie, nous nous limitons néanmoins 
dans notre exposé a l’examen dune série de questions qui touchent rien que les 
glaciers contemporains comme tels. 
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II. DEVELOPPEMENT DES TRAVAUX GLACIOLOGIQUES EN URSS AVANT L’A.G_I. 


La glaciologie est une science relativement jeune; A peine deux siécles sont 
écoulés depuis que l’on a effectué les premiéres observations scientifiques sur les 
glaciers alpins. 

En Russie l’étude immédiate des glaciers commenca beaucoup plus tard, — 
seulement durant les années soixante du siécle précédent. De cette maniére les inves- 
tigations en glaciologie de notre pays n’atteignent pas encore une centaine d’années. 

Le développement des investigations glaciologiques dans les régions glaciaires 
de notre pays peut étre divisé en trois périodes principales : la premiére d’entre elles 
embrasse le temps entre les ans soixante du siécle précédant et le commencement 
de la 2-€me Année Polaire Internationale (A.P.I.); la deuxigme comprend la Seconde 
Année Polaire Internationale, c’est-a-dire les années 1932 et 1933; et la troisiéme 
période embrasse le laps de temps aprés la seconde Année Polaire Internationale 
jusqu’au commencement de Il’Année Géophysique Internationale (1957-1958). 

La premiére période se caractérise en entier par l’exécution de travaux glacio- 
logiques descriptifs a base desquels l’on pouvait se faire une premiére impression de 
la congélation contemporaine dans notre pays. Ce furent presque exclusivement 
les « langues » des glaciers que l’on étudia. On ne visita point de régle les parties 
supérieures des glaciers et leurs descriptions furent approximatives. On n’exécuta 
pas non plus des levés précis pour les glaciers; c’est ainsi que les dimensions et les 
surfaces de ces derniers furent estimées d’une maniére approximative. L’on ne fit 
point non plus d’observations systématiques sur les processus naturels propres aux 
gletschers. Ordinairement |’on accordait a la caractéristique des types de glaciers 
et aux processus qui ont lieu sur ces derniers relativement peu d’attention; cela se 
faisait principalement par voie de conclusions spéculatives, fondées souvent sur des 
conceptions empruntées mécaniquement a la glaciologie alpine. 

L’étude des glaciers portait durant cette période un caractére en général acci- 
dente]. Les observations glaciologiques se faisaient accessoirement avec les investi- 
gations géologiques, parfois botaniques ou zoogéographiques et elles jouaient un 
role secondaire. Les observations glaciologiques etaient généralement exécutées non 
pas par des glaciologues, mais par des personnes ayant des spécialités les plus diverses. 

Ces investigations étaient d’un ordre géologique ou géomorphologique 
fortement exprimé et se rapportaient principalement a |’étude des activités d’accu- 
mulation et d’érosion des congélations actuelles et anciennes. On peut expliquer 
particuliérement de par cela la circonstance suivante — l’attention principale était 
dirigée vers l’étude des langues glaciairer. I] est vrai que la glaciologie alpine se dévelop- 
pait aussi généralement dans la méme direction géologo-géomorphologigue. 

Il est nécessaire de noter, que nonobstant les conditions peu favorables indiquées 
du développement de la glaciologie russe durant la premiére période, l’accumulation 
des données sur les glaciers de notre pays se faisait néanmoins assez rapidement. 

Les éminents savants russes de cette époque, comme par exemple I. V. Mousch- 
ketoy, A. I. Voieykov, P. A. Krapotkin, B. A. Fedchenko et autres se rendaient bien 
compte de l’imperfection de tels travaux glaciologiques. IIs indiquérent a plusieurs 
reprises dans leurs ceuvres la nécessité d’une approche plus approfondie et plus 
étendue pour l’étude des glaciers. Ils indiquérent aussi l’inadmissibilité de reporter 
mécaniquement les lois gouvernant les glaciers alpins sur n’importe quels glaciers 
dans d’autres régions. Grace 4 une compréhension juste et étendue des phénoménes 
glaciaires et malgré l’imperfection et le peu de matériel fondé sur les faits étant a 
teur disposition, ces savants créérent des grandes ceuvres classiques qui eurent une 
influence prononcée sur le développement de la glaciologie et qui n’ont point perdu 
leur importance a notre époque. II est suffisant, par exemple, de nommer 1’ ceuvre 
de P. A. Kropotkine, intitulée « Investigations sur la période Glaciaire », ou bien 
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celle de A. V. Voeyikov « Conditions climatiques des phénoménes glaciaires, pré- 
sents et passés. » 

Aprés la Grande Révolution Socialiste d’Octobre, le rythme des investigations 
glaciologiques s’est vivement accéléré dans l’Union Soviétique. Une évolution 
particuliére de ces investigations se fit sentir en premier lieu dans les régions montag- 
neuse de |’Asie Centrale. Ces investigations commencérent a gagner une importance 
indépendante et 4 embrasser beaucoup de questions d’une grande étendue, nonob- 
stant que ces derniéres conservaient encore une forte direction géologique et géomor- 
phologique. 

Vers les années trente de notre siécle les investigations glaciologiques s’inten- 
sifiérent particuli¢érement et en plus del’ancienne direction géologique et geomorpholo- 
gique il se développa une nouvelle approche pour l’étude des glaciers comme phén- 
ménes hydro-météorologiques. Il se traga de méme un écart décisif des canons de 
la glaciologie alpine; cet écart s’éprima en premier lieu par ce que l’on commenga 
a tenir compte en étudiant les phénoménes glaciaires des différentes particularités 
dans les conditions physico-géographiques des régions glaciaires variées. 

Cette période se distingue par une plus grande manifestation de Vapproche 
géographique complexe pour 1l’étude des glaciers. Avec cela, la fin des années vingt 
est caractérisée par la découverte d’une grande quantité de nouveaux glaciers dans 
PAltai, le Thian-Chan, le Pamir et d’une nouvelle région glaciaire dans l’Oural 
Prépolaire. C’est a cette période en particulier que l’on a étudié d’une maniére compléte 
un des plus grands glaciers montagneux du monde, celui qui porte le nom de Fedchenko. 

Une place a part est occupée dans I’évolution de la glaciologie soviétique par 
la Deuxiéme Année Polaire Internationale de 1932-1933, qui fait en méme temps 
la seconde période du développement de la glaciologie dans notre pays. 


Notons que la proposition d’élargir le programme des investigations glacio- 
logiques durant la 2-eme Année Polaire Internationale (2 AGI), c’est-a-dire d’y 
inclure non seulement les glaciers des pays polaires, mais encore ceux des régions 
montagneuses de congélation contemporaine dans les latitudes modérées fut faite 
par le Comité Soviétique pour I’exécution de la 2 API. Ce programme fut exécuté 
ultérieurement seulement dans ]’Union Soviétique. 


Vers le commencement des travaux de la 2 API il s’affermit dans l’Union 
Soviétique parmi la plupart des glaciologues l’idée de la nécessité d’une approche 
gcéographique complexe pour l’étude des glaciers. Une attention particuliére fut 
apportée a l’étude des glaciers comme phénoménes hydrométéorologiques ; ceci 
refléte la direction pratique des investigations glaciologiques de ces temps-la. Ce 
dernier aspect des investigations glaciologiques est particuliérement caractéristique 
pour les travaux de la 2-eme API. , 


On crée pour |’exécution des investigations glaciologiques dela 2 API des expé- 
ditions glaciaires spéciales. Les travaux de ces exp€éditions ont embrassé simultanément 
presque toutes les régions de congélation connues alors sur le territoire de l’'URSS: 
le Caucase, |’Altai, le Pamir, le Thian-Chan, l’Oural Prépolaire et les jles Arctiques. 


Durant les travaux des expéditions, on a organisé sur les glaciers des stations 
météorologiques temporaires; on a pour la premiére fois fait des mesurements 
multiples de l’ablation, des vitesses du mouvement de la glace; on a accordé beaucoup 
dattention a l’étude de la morphologie des gletchers, ainsi qu’aux discriptions de 
la structure des glaces des différentes formations glaciaires sur la surface des glaciers, 
etc. Sur les courants d’eau qui prennent naissance dans les glaciers, on a exécuté 
des travaux hydrométriques. Maints glaciers, particuligrement leurs parties terminales, 
ont été levées a l’aide d’instruments. Le volume du matériel obtenu par les expéditions 
glaciaires de la 2-eme API se trouva a vrai dire immense et suffisament divers. II 
faut mentionner, il est vrai, qui l'on n’atteignit encore pas dans ces travaux de la 
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2-eme API Vuniformité voulue et que les procédés mémes des observations ne tou- 
chaient non plus: a une grande perfection par suite de quoi les données obtenues 
avaient une qualité variées. 

Les résultats des investigations glaciologiques de la 2-eme API furent reflétés 
dans:six volumes des «Travaux des expéditions glaciaires de la 2-eme APD» qui furent 
publiés en 1935-1936. Le contenu de ces ceuvres se distingue par une grande richesse 
de matériel fourni par les faits et de déductions théoriques qui portent pour la plupart 
des cas un caractere original. La direction générale des travaux, glaciologiques de 
la 2-eme API s’y est trouvé suffisamment reflétée : l'approche géographique complexe 
pour l'étude des phénoménes glaciaires, c’est-a-dire tout le nouveau qui caractérise 
le développement de la glaciologie soviétique a cette période. Au point de vue présent 
le défaut principal des travaux de 1932-1933 consiste en l’attention insuffisante a 
Vétude quantitative des processus glaciaires divers, en la faible application de 
méthodes géophysiques aux. observations. 

On peut citer comme ceuvre qui généralise toutes les investigations de la 2-eme 
API lelivre de S. V. Kalesnik, intitulé « Régions glaciaires montagneuses de l’URSS », 
qui fut publié en 1937. L’auteur donne dans cet ceuvre une généralisation de toutes 
les données obtenues pour les glaciers de l17URSS, et un exposé des connaissances 
contemporaines sur les régions glaciaires de notre pays. Il y refléte avec beaucoup 
de relief le progrés de la glaciologie soviétique qui fut acquis grace aux travaux de 
la 2-eme API et y formule les problémes des futures investigations glaciologiques. 
L’importance des travaux de la 2-eme API pour notre glaciologie ne peut étre sures- 
timée — ce fut un trés grand pas le long de cette voie de progres. 

En résultat des investigations de la 2-éme API la plupart des glaciologues 
soviétiques s’est affermie dans la conviction qu’un glacier représente un événement 
physico-géographique original, dont la féconde étude scientifique est possibie rien 
qu’a base d’une approche géographique complexe, accompagnée d’une application 
obligatoire de méthodes systématiques et précises d’observation. 

La troisi¢me étape d’évolution de la glaciologie soviétique comprend la période 
entre la 2-eme API et le commencement de ]’Année Géophysique Internationale, 
c’est-a-dire le laps de temps entre 1933 et 1957. Cette période est caractérisée par 
un approfondissement et un élargissement ultérieur des investigations glaciologiques 
dans toutes les régions glaciaires de notre pays. On inculque de plus en plus dans 
la pratique des investigations les méthodes systématiques de travail, les procédés 
quantitatifs précis pour les observations. Les investigations glaciaires se font de 
régle, avec application de procédés photogrammétriques pour les mesurements, de 
divers procédés géophysiques pour les observations. Elles se fondent sur les données 
des analyses cristallographiques, etc. La méthode de balance pour l'étude de la 
substance et de l’énergie des glaciers est de plus en plus reconnue et est inculquée 
dans les investigations glaciologiques. Durant les investigations sur les glaciers on 
y fait des levés précis, on étudie la distribution de la température dans la masse de 
glace, les processus de formation de la glace, de l’alimentation, de la fonte, de l’écou- 
lement. On accorde une grande attention a l’étude de la structure de la glace, du 
névé et de la neige; a1l’étude du mouvement de la glace dans les glaciers, des conditions 
climatiques et radiotionnées. En un mot, tout le complexe des processus naturels 
propres aux glaciers se trouve dans la sphere qui intéresse les glaciologues soviétiques. 
On exécute des profondes investigations de type stationnaire pour les glaciers 
arctiques sur l’archipel Frangois-Joseph. Dés 1947, on organisa des observations 
glaciologiques continues sur le Thian-Chad. 

Simultanément l’on apporte beaucoup de précision dans les surfaces de conge- 
lation des diverses régions, dans le nombre des glaciers; l’on établit la diversité des 
types de glaciers dans les différentes régions, l’on dresse des catalogues de glaciers 
pour une série de régions de congélation. Durant la méme péi iode l’on découvre 
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des nouvelles régions de congélation contemporaine inconnues auparavant dans la 
partie Nord-Est du pays (sur la haute Indiguirka) et dans l’Oural Polaire. 

On étudie les questions portant sur les facteurs de congélation; sur les relations 
entre la congélation et les conditions orographiques et climatiques; sur les problémes 
de l’évolution de la congélation, etc. Une attention particuliére est accordée aux 
particularités zonales du développement des congélations et des processus glaciaires. 
Enfin l’on exécute des études aux laboratoires pour définir les propriétés de la glace 
ainsi que l’on fait des études expérimentales en conditions naturelles sur les glaciers 
mémes pour accélérer artificiellement leur fonte. 

A base de traitement et de généralisation de ces nouvelles données multiples 
et variées, les glaciologues soviétiques publient beaucoup d’ceuvres originales portant 
sur maints problémes divers de la glaciologie. Ces travaux ont un caractére non 
seulement régional qui élucide les lois gouvernant différents phénoménes glaciaires 
propres a divers glaciers et a diverses régions glaciaires, mais parmi ces ceuvres se 
trouvent de telles qui portent sur le caractére et I’état des glaciers de différentes 
régions, ainsi que des travaux de théorie générale. Parmi le premier groupe suffisam- 
ment multiple de ces travaux on peut citer, par exemple, les suivants: M. V. Tronoff, 
« Congélation de l’Altaf» (1949): R. D. Zabirov, « Congélation du Pamir» (1955); 
P. A. Schoumsky, « Congélation contemporaine des Arctiques» (1947); G. A, 
Avsiuk, « Les glaciers des sommets planes » (1950); « Les glaciers du noeud de 
montagnes Khan-Tengry », « Certaines données sur la congéiation et Vorographie 
du massif montagneux Ak-Shigriak » (1952). Le second groupe des travaux com- 
prend les ceuvres de théorie générale et comporte en premier lieu les livres suivants : 
« Glaciologie générale» par S. V. Kalesnik (1939); « Problémes de la glaciologie 
des montagnes » (1954); «Questions liées a la relation entre le climat et la congélation » 
(1956) par A. V. Tronoff, « La température de la glace dans les glaciers» par G. A. 
Avsiuk (1956); « L’énergie de la congélation et la vie des glaciers » (1947); « Principes 
de Vhistoire structurelle des glaces » (1955) par P. A. Schoumsky. 

De cette maniére la glaciologie soviétique a progressé fortement durant la troi- 
siéme période deson développement en théorieetellea accumulé beaucoup de nouveaux 
faits dans les régions de congélation de l’Union Soviétique. Un des traits les plus 
caractéristiques de cette période est le perfectionnement prononcé des méthodes et 
des procédés pour les investigations glaciologiques. 

Les glaciologues soviétiques ont apporté a la glaciologie une compréhension 
plus étendue. Actuellement la Plupart des glaciologues soviétiques voient en elle 
une science qui s’occupe de I’étude de toutes les formes de glace sur la Terre, ainsi 
que de l’étude des glaces dans la circulation de l’eau sur notre planéte, c’est-a-dire 
de l’étude de la criosphére terrestre. La glaciologie étudie les processtis d’accumulation, 
de transformation et du débit de la glace sur la Terre selon le bilan thermique de 
cette derniére. Elle fait des investigations sur les lois générales propres aux glaces 


naturelles, ainsi que sur les lois zonales, les particularités géographiques de la mai- 
festation de ces lois. 


Vers le commencement de 1’Année Géo 


soviétique s’est enrichie d’une grande quantit 
avancée en théorie. 


Le développement de la partie théorique de glaciologie a mis au premier rang 
toute une série de grands problémes, la solution desquels est possible rien qu’a base 
d’investigations approfondies et Ctendues. L’application effective des données de 
la science glaciologique aux besonins pratiques est possible seulement si l’on pose 
ces investigations avec suffisament d’étendue et si l’on obtient des valeurs quanti- 
tatives qui caractérisent les phénoménes glaciaires. 

La quatriéme étape du développement de la glaciologie dans notre pays sera 
lAnnée Géophysique Internationale. Durant cette période l’on va obte 
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physique Internationale la glaciologie 
€ de nouveaux faits; elle s’est fortement 


nir des nouvelles 


données par les observations systématiques pour presque toutes les régions glaciaires 
de ’URSS. 


Outre cela, notre pays participe durant la période de AGI dans les investigations 
de l’Antarctide. 


III.. RESULTATS ESSENTIELS DES TRAVEAUX GLACIOLOGIQUES DANS L’URSS cf LES 
DIRECTIONS PRINCIPALES DE LEUR DEVELOPPEMENT ULTERIEUR 


Nous avons caractérisé en bref l’évolution de la glaciologie dans 1’Union Sovié- 
tique vers le début de l’ AGI. Dans la partie présente nous citerons certaines données 
sur les connaissances de la congélation contemporaine du territoire de l’URSS et 
nous nous arréterons bri¢vement sur quelques questions qui méritent une attention 
plus prononcée. 

Actuellement, on connait toutes les régions de congélation contemporaine sur 
le territoire de ’URSS et l’on dispose pour toutes ces régions de données qui per- 
mettent une description générale des glaciers et une élaboration de leurs catalogues. 
Néanmoins, le matériel obtenu n’est pas encore mis en ordre pour toutes ces régions, 
c’est pourquoi nous ne pouvons encore citer les donneés contemporaines pour tout 
le terrain de congélation et les données portant sur le nombre de glaciers pour telles 
régions comme le sont, par exemple, le Thian-Chan ou |’Oural Polaire. De cette 
manieére, les connaissances des régions de congélation contemporaine sur le territoire 
de l’URSS sont actuellement suffisantes sous le point de vue de géographie générale. 
De beaucoup plus faibles sont les connaissances portant sur les particularités des 
conditions naturelles pour les régions de congélation et, particuliérement sur la 
manifestation des processus glaciaires. On a fait des observations systématiques sur 
les processus glaciaires dans les glaciers isolés rien que pour |’Archipel de Frangois- 
Joseph et pour le Thian-Chad. En ce que concerne les glaciers des autres régions de 
congélation, des observations des processus glaciaires se raménent a des séries peu 
nombreuses et isolées de telles investigations. Actuellement l’appréciation des formes 
propres et des particularités de processus glaciaires pour toute la masse des glaciers 
est fondé principalement sur les résultats de l’étude générale de ces glaciers et ne 
peut étre acceptée comme sire. D’ailleurs, un tel état est caractéristique non seulement 
pour l’URSS, mais encore pour la plupart des régions de congélation de toute 
notre planéte. De cette maniére, le probléme principal des investigations glaciologiques 
contemporaines, tout comme la précision des données de caractére glaciologique 
général pour des régions isolées de congélation consiste en l’exécution d’observationsh 
systématiques stationnaires a l’aide de méthodes précises pour tout le complexe des 
processus glaciaires. De telles observations vont permettre d’établir par argumentation 
les lois générales, propres aux phénoménes glaciaires et leurs manifestations zonales 
dans diverses régions de congélation. Méme a l’époque actuelle le nombre relativement 
minime des observations sur les processus glaciaires, étant a notre disposition, a 
permis de caractériser non seulement les lois générales propres aux phénoménes 
glaciaires, mais aussi d’établir la zonalité et la stipulation physicogéographique de 
l’activité vitale des glaciers, et de donner une image approximative de la distribution 
spatiale des glaciers de types divers. 

Le matériel obtenu a permis, par exemple, a P. A. Schoumsky d’élaborer avec 
suffisamment de détails une nouvelle branche de la glaciologie : la science structurelle 
des glaces; une branche qui posséde des grandes perspectives pour |’évolution ulté- 
rieure de la glaciologie. Ce matériel a permi de méme de fonder théoriquement les 
principales conceptions glaciologiques, telles que l’énergie et l’intensité de la congé- 
lation, etc. Ces mémes observations relativement peu nombreuses sur les proccssts 
glaciaires donnent le droit de soutenir que les nombreuses particularités de la congé- 
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lation contemporaine des diverses régions de notre pays s’expliquent principalement 
par l’influence des traits continentaux du climat. 

Les travaux glaciologiques ultérieurs doivent permettre d’obtenir du matériel 
pour préciser et pour développer les theses que Il’on peut exprimer actuellement rien 
qu’en général et évidemment ils permettront d’avancer une série de nouvelles lois 
glaciologiques, qui ne sont pas encore remarquées. 

Ultérieurement il faudra accorder une attention spéciale en premier lieu a I’éla- 
boration des problémes suivants : 

1. Est-il possible de donner une définition plus précise pour l’état de congélation, 
le degré de stabilité de cet état, de la tendance ultérieure a son évolution. 

2. Préciser les notions de criosphére, de khionosphére, d’énergie et d’intensité 
de la congélation. 

3. Elaborer les questions portant sur les types divers de formation de la glace, 
sur l’alimentation, le débit de la substance et sur le régime thermal des masses de glace. 

4. Préciser les questions portant sur la stipulation de I’activité vitale des glaciers 
et des lois de leur disposition spatiale. 

5. Elaborer les questions sur la glaciologie structurelle, c’est-a-dire sur la théorie 
des roches en glace et des lois de leur formation. 

6. Préciser les questions portant sur la liaison entre le climat et la congélation. 

7. Elaborer les questions sur la liaison entre le climat et le relief et de leur influence 
sur le développement de la congélation, 

8. Etablir les thérories du mouvement de la glace dans les glaciers. 

9. Elaborer une classification génétique des glaciers. 

Nous supposons que le total des observations obtenues en résultat des inves- 
tigations exécutées durant ’ AGI permettra d’avancer grandement 1’élaboration des 
problémes glaciologiques qui sont cités plus haut et que cela rehaussera d’une maniére 
importante le niveau de cette science. 


IV. TRAITS PRINCIPAUX DE LA CONGELATION CONTEMPORAINE DANS LES DIFFERENTES 
REGIONS DU TERRITOIRE DE L°URSS 


On a établi actuellement que dans toutes les diverses régions de congélation 
cette derniére se trouve dans une phase de retraite. Ceci est vrai nonobstant qu'il 
y a dans Il’ Union Soviétique des régions de congélation contemporaine qui se trouvent 
dans des conditons physicogéographiques des plus différentes : & commencer par les 
Arctiques extrémes jusqu’a l’Asie Centrale torride; malgré que la congélation dans 
ces régions diverses occupe des terrains variés, et qu’elles se distinguént par les formes 
des glaciers et par le caractére des processus glaciaires, 

En général, I’état de régression de la congélation contemporaine est caracté- 
ristique actuellement pour toute notre planete et a ce qu’il parait est provoqué pal 
une méme raison. Nous supposons que la cause principale de cette regression se 
trouve dans la hausse des températures. 

La congélation contemporaine sur le territoire de l’Union Soviétique se distribue 
dans les régions suivantes. 

A. Sur les iles des Arctiques Soviétiques : 

(a) sur l’archipel de Frangois-Joseph (l’ile Victoria y compris); 

(b) sur la Novaya Ziemlia; 

(c) sur la Severnaya Ziemlia (Vile Schmidt et Vile Ouschakov y compris); 

(d) sur les jles de Des-Longues. 


B. Dans la partie continentale de l'Union Soviétique 
(a) sur l’Oural Polaire et 1’Oural Prépolaire; 


(b) sur la péninsule Taymir; 

(c) dans la chaine de montagnes Kharioulakh (le contrefort septentrional de la 
chaine de montagens de Verkhoiansk); 

(d) sur le pays d’amont de la riviére Indiguirka; 

(e) sur la chaine de montagnes Koriak (Péninsule Tchoukotsky); 

(f) sur la péninsule Kamtchatka; 

(g) dans le Caucase; 

(h) sur Altai; 

(i) sur la chaine de montagnes Saoursky; 

(k) dans les Sayannes; 

(1) sur le Thian-Shan (l’Alataou Djoungarsky y compris); 

(m) sur le Pamir (l’Alai y compris). . 

De cette maniére la congélation contemporaine sur le territoire de ’ URSS est 
développée dans 16 régions, dont 4 se trouvent sur les iles des Arctiques Soviétiques 
et 12 sur la partie continentale de I’Union Soviétique. 

Passons a une courte caractéristique des traits principaux de la congélation 
dans les diverses régions du territoire de !URSS. 


A. SUR LES. ILES DES ARCTIQUES SOVIETIQUES 


(a) Congélation de I’ Archipel Frangois-Joseph 


L’archipel Francois-Joseph est couvert presque pour 90 pour cent par des 
glaciers; ces glaciers forment ici le principal paysage qui y domine. Les 10 pour cent 
de terre ferme exempts de glace sont représentés principalement par des champs 
de Zandre et par des affleurements de roches basiques — des basaltes. La superficie 
générale des glaciers est prés de 16000 km carrés. 

La congélation de l’archipel Francois-Joseph répond au type de recouvrement. 

Les iles de l’Archipel sont dans la plupart des cas couvertes par des coupoles 
complétes de glace; leurs parties de bordure s’abaissent vers la mer par des larges 
traines et par des torrents de glace isolés. Ces derniers forment souvent des massifs 
et des langues en éventail de glace flottante. Certaines iles, a relief relativement 
démembré, portent des recouvrements de glace a surface accidentée qui reflétent le 
relief basique d’une maniére affaiblie. On peut observer ici tres souvent plusieurs 
coupoles divisées par des surfaces exemples de glace ou bien qui sont couvertes comme 
par des glaciers de vallées. 

La limite des neiges éternelles sur les glaciers de |’Archipel Francois-Joseph se 
trouve a une petite altitude et elle descend par place jusqu’au niveau de la mer. La 
puissance de la glace des glaciers varie de 100 a 500 m. 

En été les parties supérieures de certaines coupoles glaciaires plus basses et plus 
petites que les autres sont exemptes de glace et de névé. Ces glaciers sont enti¢rement 
formés par la glace des gletschers. Les coupoles plus hautes et plus grandes, situées 
dans les parties centrales, sont recouvertes par des masses suffisamment puissantes 
de névé. L’absence mentionnée du névé sur certains glaciers indique que durant la 
période tiéde le restant de V’accumulation annuelle se transforme ici enti¢érement vers 
la fin de la période d’ablation en une nouvelle couche de glace « apposée ». Ceci 
se fait grace 4 une quantité suffisante d’eaux dégelées et au petit volume d’accumu- 
lation de la neige. 

La formation de la glace sur les glaciers a lieu selon le type d’infiltration congé- 
lationnée. Sur les glaciers qui poss¢dent des masses de névé l’on trouve divers types 
de formation de la glace : dans les parties inférieures, c’est celui d’infiltration congé- 
lationnée, remplacé ensuite par le type froid d’infiltration qui se change dans les 


parties centrales en type de recristallisation. 


543 


Les masses de glace des glace.» de l’Archipel Frangois-Joseph ont toujours 
des températures négatives. C’est seulement durant les mois les plus chauds que 
l'on observe la fonte de la couche supérieure. 

Outre les coupoles de glace — on voit sur l’Archipel Frangois-Joseph des glaciers 
« apportés » par les vents. Ces derniers sont disposés généralement sous les escar- 
pements, prés du littoral. On peut indiquer encore des petits glaciers originaux, 
comme le sont les « glaciers-— amoncellements» situés au sommet des roches gi 
parfois aussi sur les lignes de partages de la glace si ceux-ci sont étroits et A pentes 
rapides. Leur genése est liée 4 une combinaison particuliérement favorable des vents 
ascendants et des courants d’atmosphére. Par leur volume ce sont les plus petits 
glaciers de |’Archipel. 


(b) La congélation de la Novaya Zemlia 


La superficie de la congélation sur la Novaya Zemlia égale approximativement 
23, 000 km carrés. La congélation est faiblement développé sur Vile méridionale. 
Rien que sur la partie septentrionale de cette ile on trouve une série de petits glaciers 
de vallée, de et suspendus, un petit glacier de contreforts et des 
« taches de névés » isolées. La limite des neiges éternelles est ici de l’ordre de 600-700 m. 

La masse principale de la congélation sur la Novaya Zemlia est située sur Vile 
Septentrionale. Dans la partie sud de cette ile, en allant du Matotchkin Shar 4 peu 
prés jusqu’a la Krestovaya Gouba, la congélation est représenté par des taches isolées 
de névé, par des gletschers de vallées, ainsi que par des glaciers de Kare et des glaciers 
suspendus. 

Plus vers le Nord entre la Krestovaya Gouba et la Péninsule de VAmirauté 
(approximativement 70° de latitude de Nord) est développé un autre type de congé- 
lation; celui qui porte le nom de congélation réticulée. 

Ici les vallées remplies de glace forment des plateaux de glace a largeur jusqu’a 
7-8 km avec une surface faiblement concave, plus haute que la limite des neiges éter- 
nelles, et une surface convexe dans la zone d’ablation. La surface des glaciers dans 
les parties intérieures posséde des altitudes de l’ordre de 300-600 m et les massifs 
montagneux-« nounataki» atteignent prés de 600-900 m. Quatre grandes branches 
glaciaires, qui s’unissent sur la péninsule de l’Amirauté forment un grand glacier 
de contrefors; par les huit vallées les plus grandes des torrents de glace descendent 
dans les amonts des fjords vers le niveau de la mer. La limite des neiges éternelles 
se trouve dans la région de la congélation réticulée en moyenne a une altitude prés 
de 500 m. La superficie générale des glaciers de congélation réticulée comporte prés 
de 3200 m. carrés. My 

Encore plus vers le nord de la péninsule de PAdmirauté la congélation réticule 
se transforme en celle de recouvrement. La couverture de glace de la Novaya Zemlia 
est la plus grande dans les limites de Union Soviétique. Sa longueur atteint prés 
de 340 km. Sa largeur maximum est de 70 km, la surface atteint 19,000 m carrés et 
la puissance moyenne est estimé a 300-400 m. La couverture glaciale se divise par 
deux dépressions transversales en trois coupoles principales : la Septentrionale, la 
Principale et la Méridionale. Leurs parties centrales atteignent conformément des 
altitudes de 800, 1000 et 900 m. La surface des coupoles est coupée par places par 
des nounatakis. 

La bordure occidentale de la couverture de glace se caractérise par une zone 
de bras glaciaires qui s’écartent de la masse de recouvrement principale et qui sont 
entre-divisés par de nounatakis de bordure. Ces bras se joignent ensuite sur la plaine 
littorale en glaciers de l’étage inférieur des contrefors. Sur le littoral occidental vingt 
cing extrémités des glaciers se déversent dans la mer. 

La bordure orientale de la couverture glaciaire représente une région de grandes 
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langues de glaces a largeur jusqu’a 20 km, qui prennent source dans les coupoles 
méridionale et principale et qui sous le nom de glaciers Nansen, Krapotkine et Nor- 
densheld descendent dans la mer. Telles apophyses ne prennent point source dans 
la coupole septentrionale et ici la partie majeure du littoral est exempt de glace. La 
limite des neiges éternelles atteint en moyenne une altitude de 300-400 m. 

Dans les parties centrales du recouvrement glaciaire se développe le type de 
récristallisation de formation des glaces, dans les zones plus basses — le type froid 
d’infiltration et, enfin dans les parties de bordure et sur les bras des glaciers celui 
d’infiltration congélationnée. Avec cela dans les parties inférieures de la bordure 
occidentale du recouvrement (en particulier sur les glaciers de |’étage inférieur situés 
aux flancs des montagnes )on trouve le type d’infiltration « tiéde ». 

Dans le recouvrement glaciaire de la Novaya Zemlia sont développés les types 
suivants du régime thermal de la glace : dans les parties centrales supérieures — type 
polaire et froid; dans les parties de bordure du recouvrement et dans les langues 
des glaciers du littoral oriental —le type continental. Dans les parties terminales des 
bras de glaciers et dans les glaciers des contrefors de étage inférieur du littoral 
occidental —le type marin. 

Sur la Novaya Zemlia prés des escarpenmets de glace et des rochers, on observe 
un développement étendu de glaciers « apportés » par les vents. 


(c) La congélation del’ Archipel Severnaya Zemlia (iles Schmidt et Ouschakoy y compris) 


La congélation de l’Archipel Seyernaya Zemlia se rappoite au type de recouvre- 
ment a un stade de dégradation. Les parties intérieures des grandes iles de l’Archipel 
(Komsomoletz, Pioner, Révolution d’Octobre et Bolschevik) sont recouvertes par 
des boucliers de glace. L’ile Komsomoletz est presque entiérement recouverte par un 
tel bouclier. Sur les autres iles en allant vers le Sud les terrains exempts de glace se 
rencontrent de plus en plus souvent et les glaciers finissant sur la terre ferme laissent 
des grands espaces de plaines littorales libres de glace. La congélation de L’ile Bol- 
schevik comprend rien que 20 pour cent de la surface totale de l’ile. La ot les couver- 
tures glaciaires occupent une grande partie des iles. elles forment des langues flottantes 
en éventail qui s’abaissent vers la mer. Dans les parties septentrionales de I’Archipel 
ce sont les bordures des couvertures glaciaires mémes qui touchent sur des grandes 
étendues directement a la mer. 

Les iles Schmidt et Ouschakoy sont entiérement recouvertes par des chapeaux 
de glace, qui s’achévent presque toujours par des escarpements de glace submergés 
(dans la mer). 

La superficie de la congélation sur la Severnaya Zemlia comporte pres de 16,000 m 
carrés, ce qui égale approximativement 42 pour cent du territoire de cet Archipel. 
La hauteur des coupoles de glace dans les parties centrales est de l’ordre de 800-900 m. 
La puissance de la glace égale en moyenne 200-300 m. La limite des neiges éternelles 
sur la Severnaya Zemlia est sur l’extrémité septentrionale de l’archipel a quelques 
dizaines de métres au-dessus du niveau de la mer, et cette limite atteint vers le sud 
prés de 300 m. Dans les parties centrales des coupoles de glace on trouve les types 
de formations de glace suivants: celui de recristallisation et celui d infiltration 
«froide». Le type d’infiltration congélationnée est propre au zones de bordure. 
Quand au régime de température des masses de glace c’est pour les parties centrales 
le type polaire et froid, et pour les zones de bordure —le type continental. Des 
glaciers « apportés » par les vents sont développés sur les extrémités escarpées des 
recouvrements de glace. Sur les parties exemptes de couvertures de glaces et qui 
ont un relief tranchant et démembré (l’ile Révolution d’Octobre) on trouve des 
glaciers suspendus et de Kare. 
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(d) La congélation des iles de Des Longues 


Sur l’Archipel de Des Longues les iles de Bennnet, d’Henriette et de Jeannette 
sont recouvertes par une superficie de glace ayant prés de 67 km carrés. Ceci égale 
approximativement 52 pour cent de la surface totale de ces iles. Les glaciers repré- 
sentent sur toutes les iles des coupoles de glace. Ces coupoles sur les iles Bennet et 
Henriette atteignent respectivement une hauteur de 450 et 315 m, la puissance de la 
glace est de l’ordre de 120-150 m. Des apophyses isolées, ayant des pales en éventail 
flottantes, descendent vers la mer. Sur l’ile Jeannette la coupole a une forme irrégulieré; 
la puissance de la glace est en moyenne 80 m. Selon le régime de température les parties 
centrales des coupoles se rapportent au type froid, et les zones de bordure au type 
continental. Les types de formation des glaces dans les parties centrales sont respec- 
tivement du type d’infiltration froide et dans les zones de bordure type d’infiltration 
congélationnée. 


B. SUR LA PARTIE CONTINENTALE DE L’ UNION SOVIETIQUE 


(a) Congélation de ! Oural Polaire et Prépolaire 


La congélation dans le pays d’amont des riviéres Oussa et Schoutschai dans 
!’Oural Polaire fut découverte en 1952-1953 et est encore étudiée d’une maniére 
insuffisante étudiée sd’une maniére insuffisante. 

Cette congélation est représentée par une petite quantité de glaciers minimes. 
la plus grande partie desquels est du type de Kare et par plusieurs glaciers qui occupent 
les parties les plus hautes des vallées. La longueur des glaciers ne surpasse point 
2kmet en moyenne est de l’ordre de 0,5-0,7 m. La puissance de la glace est en moyenne 
de l’ordre de 50 m. A ce qu’il parait l’existence actuelle des glaciers de l’Oural Polaire 
est imposée par une combinaison trés favorable des conditions du relief, du régime 
des vents, de l’exposition et de l’ombrage. Un des traits caractéristiques de la congé- 
lation contemporaine de l’Oural Polaire est ’isolement des glaciers. [1 est évident 
que les glaciers de l’Oural Polaire se rapportent par la formation des glaces au type 
d’infiltration congélationnée et par le régime de température des glaces au type conti- 
nental. Le nombre total des glaciers de l’Qural Polaire n’est pas encore établi; il 
comprend, a ce qu'il parait, pas plus d’une centaine et la superficie générale des 
recouvrements de glace ne surpasse pas 50 km carrés. 

II existe sur l’Oural et sur sa partie prépolaire une deuxiéme.région de congé- 
lation prés des montagnes Narody et Sablia, découverte en 1933. Il y a ici 16 glaciers 
de Kare d’une étendue de 3 km carrés. La longueur du plus grand d’entre eux est 
pres d’un km; leur longueur moyenne n/atteint pas 0.5 km. La puissance moyenne 
est de l’ordre de 20-30 m. L’ existence de ces glaciers s’explique aussi par la combinaison 
locale de conditions favorables a la congélation. Par le caractére de la formation 
des glaces ces glaciers se rapportent au type d’infiltration congélationnée et par le 
régime de températures de la glace au type continental. 


(b) Congélation de la presqu ile de Taimyr 


Les montagnes Byrranga sur la presqu’ile de Taimyr ne sont encore pas suffi- 
samment étudiées au point de vue de glaciologie. Actuellement l’on sait qu’il existe 
sur ces montagnes deux petits glaciers qui occupent Jes pays d’amont des vallées 


et plusieurs glaciers du type de Kare. La superficie des glaciers connus ue dépasse 
point S km carrés. 
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(c) Congélation de la chaine de montagnes Kharioulakh 


La congélation de la chaine de montagnes Kharioulkh, qui est un contrefort 
septentrional des montagnes Verkhoiansk, est représentée par un nombre minime 


de glaciers de Kare. Leur nombre total est inconnu et est approximativement estimée 
comme 3 km?. 


(d) Congélation dans le pays d’amont de ta riviére Indiguirka 


La congélation dans le pays d’amont de la riviére Indiguirka est caractérisée 
principalement par des petits glaciers de vallée. La longueur moyenne des glaciers 
est de ordre de 4 km, leur puissance — de l’ordre de 100 km. En outre on observe 
ici un développement suffisamment étendu de glaciers de Kare et suspendus, des 
taches de neige glacée (de névé) séparées. La masse principale des glaciers se trouve 
dans deux régions: sur la chaine de montagnes Sountar-Khagata et sur le massif 
Bouordakhsky. En outre, dans les trois régions de Muréline, de Koukhtouy et de la 
montagne Tchen on trouve des accumulations de petits glaciers de Kare. La super- 
ficie totale de congélation atteint 279 km carrés; le nombre des glaciers de types 
divers est 213. A ce qu’il parait, c’est le type de formation de la glace d’infiltration 
froide et celui d’infiltration congélationnée qui sont propres a ces glaciers et encore 


qui concerne le régime de température des masses de glace ce sont les types froid 
et continental. 


(e) Congélation de la chaine de montagnes Koriak (péninsule Tchoukotsky) 


La congélation de la chaine de montagnes Koriak est représentée principalemens 
par des glaciers de Kare. L’on y rencontre aussi des glaciers suspendus, des tachet 
séparées de neige gelée (de névé) et méme un certain nombre de petits glaciers de 
vallée. Leur quantité totale atteint 41; la superficie de congélation est prés de 50 km?, 
la puissance moyenne de la glace est de 100 4 50 m. La limite des neiges éternelles 
égale approximativement 100 m. A ce qu’il parait, deux types de formations de la 
glace sont propres a ces glaciers: celui d’infiltration congélationnée et celui d’infil- 
tration « ti¢de »; il y a de méme deux types de régime de température de la glace: 
type continental et type marin. 


(f) Congélation de la péninsule Kamchatsky 


La congélation de la péninsule Kamchatsky est de diverses formes. Beaucoup 
de sommets des montagnes et des volcans sont recouverts par des chapeaux en glaces, 
sur d’autres l’on trouve un développement du type étoilé de congélation. Dans 
les cratéres de certains volcans on observe des glaciers de caldéras; le pays d’amont 
de certaines vallées est occupé par des gletschers de vallées. Néanmoins c’est princi- 
palement le type des glaciers suspendus et de Kare qui est développé ici; c’est glaciers 
se disposent généralement auprés des crétes des montagnes et dans les parties supé- 
rieures des volcans. 

La superficie totale de la congélation est ici prés de 866 m’, cela fait rien que 
0,3 pour cent de la surface de la péninsule. 

Sur cette étendue prés de 484 km carrés se concentrent dans plusieurs « noeuds » 
de congélation sur la chaine de montagne Médiane; pres de 34 km carrés sur la 
chaine de montagne Orientale; 86 km carrés sur le massif de la presqu’ile Kronotsky 
et 262 km sur les sommets de volcans isolés. La limite des neiges éternelles varie 
approximativement de 1000 4 1800 m et s’éléve en allant du Nord au Sud. On note 
une position insolite de cette limite sur les volcans; ici son altitude varie de 1900 
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a 3700 m. A ce qu’il parait les glaciers de la péninsule Kamchatsky possédent le 
type d’infiltration « tiéde» pour la formation des glaces et le type marin pour le 
régime de température des glaces. 


(g) Congélation du Caucase 


La congélation du Caucase est typique pour les montagnes. Cette congélation 
est proche a la congélation alpine et elle est représentée par des types différents de 
glacieis, a commencer par les glaciers complexes des vallées jusqu’aux petits glaciers 
de Kare et suspendus. En outre, il y a au Caucase encore des glaciers du type de 
buttes volcaniques (sur l’Elbrouz et le Kazbegui). Ces sommets sont recouverts par 
des chapeaux de glace, dont se séparent des apophyses isolées qui descendent. 

La masse principale de la congélation est constituée par des glaciers de vallées; 
entre ceux-ci. on remarque des glaciers de vallées originaux en forme de « T» qui 
sont distribués particuli¢rement sur les pentes septentrionales du Caucase Central. 

La masse essentielle des glaciers au Caucase (prés de 70 pour cent) est disposée 
sur le versant septentrional et rien que prés de 30 pour cent se trouve sur celui du Sud. 
Les noeuds principaux de congélation sont: les intersections de la chaine de mon- 
tagnes qui fait partage des eaux par ses contrefors les plus élevés; le groupe d’Elbrouz, 
la région du col Mestioisky, le groupe de Schkhari Dykh-Taou, les groupes Tikhten- 
guensky, Labodsky, Sougansky Mamissonsky, Kazbeguesky. 

La superficie totale des glaciers du Caucase surpasse 2200 km carrés et le nombre 
des glaciers de tous types est plus de 1800. A ce qu’il parait, aprés la précision de ces 
chiffres, ils augmenteront. 

Sur le Petit Caucase la congélation est développée faiblement et on la rencontre 
seulement dans quatres points; sur l’Alagueuse et l’Ararate, ainsi que sur ceux sommets 
de la chaine de montagnes Zanzézour. La superficie totale de la congélation sur le 
Petit Caucase est de l’ordre de plusieurs dizaines de km2, avec un chiffre approxi- 
mativement proche du nombre des glaciers. 

La limite des neiges éternelles atteint dans le Caucase Occidental les points 
entre 2700-2900 km; dans le Caucase Central — 3100-3200 m, dans le Caucase 
Oriental — 3500-3900 m; et dans le Petit Caucase 3700-4250 m. Deux types de 
formation des glaces sont propies aux glaciers du Caucase. Pour les glaciers du versant 
sud et pour une partie de glaciers du versant septentrional situés dans la partie 
occidentale et centrale —c’est le type d’infiltration «tiéde» et le type marin pour 
le régime de température. Pour la plupart des glaciers de la partie orientale du versant 
septentrional — c’est le type d’infiltration congélationnée et respectivement le type 
continental du régime de température des glaces. < 


(h) Congélation de I’ Altai 


La congélation de |’Altai se caractérise par des « petites formes »; elle est repré- 
sentée en général par des glaciers de Kare et suspendus. Outre ces types on rencontre 
ici des glaciers de vallées, des glaciers de vallées suspendues et des glaciers de sommets 
planes. La superficie totale de la congélation de |’Altai (dans les limites de l’URSS) 
égale 596 km?® et le nombre des glaciers de différents types — 754. La puissance de 
la glace est en moyenne de 60 a 100 m. La congélation se concentre dans une série 
de régions, dont les principales sont: le noeud de montagnes Tabyn-Bogdo-Ola et 
les chaines de montagnes de I’Altai Méridional, Katounsky du Tchouysk Méridional, 
du Tchouysk-Septentrional et celui de Kara-Alakhinski. La limite des neiges éter- 
nelles varie de 2000 a 3300 m. On peut supposer que le type dominant de la formation 
des glaces est celui d’infiltration congélationnée et que le type principal du régime 
de température est continental. 
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(i) Congélation de la chaine de montagnes Saourski 


La congélation de la chaine de montagnes Saourski se trouve sur la partie orien- 
tale de la créte, qui porte le nom de Mouss-Taou. (La partie ouest de cette créte est 
disposée dans les limitees de 1’URSS). Ici la congélation occupe prés de 60 km2, dont 
35 km* sont dans les limites de I?Union Soviétique. On connait sur le territoire de 
YURSS un total de 10 glaciers, dont 3 sont des glaciers de vallées, 5 de Kare, et 2 
suspendus. La limite des neiges éternelles varie de 3300 a 3350 m. 


(Gj) Congélation des Sayannes 


La congélation des Sayannes se concentre dans deux régions: a Kizir-Kazyrsk 
et sur le massif Mounkaou-Sardyk; elle est représentée principalement par des taches 
de neige gelée (du névé) et par un nombre médiocre de glaciers suspendus et de petits 
glaciers de vallées. Le nombre des glaciers atteint 9 et la superficie totale de la congé- 
lation ne surpasse point 5 a 6 km?. La limite des neiges éternelles sur le massif 
Mounkou-Sardyk est prés de 2940 m. 


(k) Congélation du Thian-Chan (lV Alataou de Djoungarsk y compris) 


La congélation du Thian-Chan, de cet énorme pays montagneux, ne peut étre 
décrite dans un court exposé, Nous sommes forcés de nous limiter seulement a une 
simple liste des données principales et des chiffres essentiels. Actuellement, on n’a 
pas encore enrégistré tous les glaciers du Thian-Chan et l’on n’a pas encore terminé 
les calculs pour les surfaces de congélation. C’est pourquoi les chiffres cités ne peuvent 
étre acceptés comme définitifs. 

Tous les types de glaciers propres a la congélation des pays montagneux 
sont en fin de compte représentés dans le Thian-Chan et avec cela on y trouve tous 
les variants —les sous-types. 

Outre les énormes glaciers complexes de vallées (type de dendrine) auxquels 
Von rapporte le plus grand glacier de Thian-Chan — celui qui est nommé Inyltchek 
(dans le groupe Khan-Tengry), a longueur dépassant 65 km, on y rencontre les sous- 
types les plus variés de glaciers complexes et simples de vallées, y compris la variété 
spéciale qui porte le nom de glaciers de « Tourkestan », les glaciers assymmétriques 
des vallées, les gletschers des cuvettes, les glaciers des vallées suspendues. En outre, 
on trouve dans le Thian-Chan, sur les parties faiblement inclinées des crétes et des 
plateaux les glaciers des sommets planes qui rapellent par leur aspect les recouvre- 
ments glaciaires des files situées dans les Arctiques. On peut citer encore un autre 
type tel que le type de glacier sur les versants et bien entendu les divers glaciers de 
Kare et suspendus. 

Le type le plus caractéristique pour la masse de congélation contemporaine du 
Thian-Chan est représenté par les glaciers des vallées de dimension relativement 
médiocre a longueur de 3 a 5 km. 

Les foyers principaux de congélation contemporaine se trouvent dans le noeud 
montagneux du Khan-Tengry, dans le massif Ak-Schiyriak et dans le massif Tal- 
garsky. La limite des neiges éternelles dans les chaines de montagnes de bordure 
est de l’ordre de 3000 a 3600 m et pour les chaines de montagnes intérieures de 
4000 a 4500 m. 

La masse principale de congélation répond au type d’infiltration congélationnée 
de formation de la glace et le type continental du régime des températures de celle-ci. 
Une exception est représentée par les parties supérieures de la congélation des grands 
noeuds montagneux et par les élévements les plus hauts ott l’on observe une substi- 
tution des types de formation des glaces en allant des parties supérieures aux parties 
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inférieures. Cela se fait en succession suivante: type de recristallisation, type de 
recristallisation a infitration; type froid d’infiltration et ensuite type d’infiltration 
congélationnée. Une succession du méme genre a lieu pour le régime des températures 
dans la masse des glaces, en commengant par le type polaire sec suivi du type polaire 
humide et froid et enfin du type continental. 

La superficie totale de congélation du Thian-Chan comprend dans les limites 
de l'URSS approximativement 8700 km carrés, le nombre des glaciers surpasse 1500 
(toute une série de glaciers n’étant pas encore enrégistrée). 


(1) Congélation du Pamir et de Tl Altai 


La congélation du Pamir et de I’Altai, c’est-a-dire du plus grand et du plus haut 
systéme de montagnes sur le territoire de l’ URSS (de ménie que la congélation du 
Thian-Shan) ne peut étre décrite dans une courte communication et nous sommes 
forcés de nous limiter a des données plus générales. Selon la variété des formes de 
congélation contemporaine, la congélation actuelle du Pamir ne céde en rien au 
Thian-Chan et elle est représentée en somme par les mémes types de glaciers. 
Notons que dans les limites du Pamir se trouve le plus grand glacier de montagne 
de !'URSS — celui portant le nom de Fedchenko. La longueur de ce dernier surpasse 
70 km et sa superficie totale égale 907 km carrés. De méme que pour le Thian-Chan, 
la masse principale de congélation du Pamir est formée par des glaciers de vallées 
relativement petits, a longueur de 4 4 6 km. En ce qui concerne les types de formation 
des glaces et du régime des températures de celles-ci, nous trouvons sur le Pamir le 
méme tableau que pour le Thian-Chan. 

La surface totale de la congélation du Pamir et de l’Alay égale dans les limites 
de 'URSS 9276 km’, le nombre des glaciers atteint presque 1200 (les petits glaciers 
a longueur moins de 1,5 km ne sont point inclus dans ce nombre). 

Les plus grands centres de congélations contemporaine sur le Pamir et VAlay 
sont les chaines de montagnes Matchinski, ceux de l’Académie des Sciences, du 
Transalay, du Rouschansko-Bazardarinsky, du YazSoulemsky, du Daryazsky, de 
Pierre le Grand et celui de Zouloumart. La limite minimum des neiges éternelles 
se trouve sur le Pamir et sur l’Alay 4 une hauteur de 3400 m (a l’occident) et la limite 
maximum a prés de 5250 m (a l’Orient) au-dessus du niveau de la mer. 

La superficie totale de la congélation contemporaine sur le territoire de l’Union 
Soviétique comprend approximativement 77,146 km2, desquels prés de 55,067 km 
carrés sont situés sur les iles des Arctiques et 92,079 km carrés dans les régions 
montagneuses de la partie continentale du territoire de l’'URSS. On compte dans 
cette derniére plus de 6000 glaciers isolés. 

Les données sur la congélation contemporaine du territoire de ’URSS sont 
exposées selon les sources litéraires nouvelles. Une liste de ces sources se trouve dans 
le Rapport de l'Union Soviétique de géodésie et de géophysique préparé pour la 
partie intitulée « Hydrologie scientifique ». Les données indiquées plus haut sont 
citées de méme selon les connaissances propres de l’auteur pour une série de régions 
de congélation. 


V. TRAVAUX GLACIOLOGIQUES DE L’URSS puRANT L’AGI. 


Le but principal des investigations glaciologiques, exécutées durant 1’A.G.I. 
consiste en une étude des processus d’accumulation, de transformation et de débit 
de la giace sur la surface terrestre en relation au bilan thermal de cette derniére, 
ainsi qu’en I’étude des glaces et de la circulation d’eau sur notre planéte. Les plus 
importants problémes qui doivent étre étudiés sont : l’action réciproque de la congé- 
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lation et du climat; I’état actuel, la distribution en espace et Ja puissance de la congé- 
lation, la direction de son évolution présente. 

Ce but répond a la tendance contemporaine de la glaciologie dans l’Union 
Soviétique et fait le développement ultérieur des travaux glaciologiques qui sont 
exécutés en l’URSS. : 

En choisissant les points pour l’exécution de travaux glaciologiques sur le terri- 
toire de ’!URSS durant l’AGI, nous avons été guidés par trois considérations essen- 
tielles: (1) de gagner par les investigations les régions principales de congélation; 
(2) d’inclure dans les investigations les régions a conditions naturelles diverses et 
(3) d’exécuter ces travaux sur les mémes objects qui furent examinés durant la Deuxiéme 
A.P.I. En outre, | s glaciologues soviétiques avaient un grand intérét a exécuter des 
observations dans |’Antarctide, en tant que les investigations de cette région présentent 
un intérét scientifique exceptionnel et qu’elles sont tout a fait indispensables pour le 
développement ultérieur de la glaciologie. [] est évident que l’organisation des inves- 
tigations glaciologiques répond d’une maniére suffisamment complete a ces exigences 
par l’exécution des travaux indiqueés dans les points suivants : 

(1) Sur V?Archipel de Frangois-Joseph, sur Vile Gouker, dans la baie Tikhaya; 

(2) dans la Novaya Zemlia sur son ile septentrionale dans la région du Port 
Russe (Rousskaya Gavagne); 

(3) sur l’Oural Polaire; 

(4) dans les Khibiny; 

(5) dans Zagorsk; 

(6) au Caucase dans la région de l’Elbrouz; 

(7) sur l’ Altai 

(8) dans le Thian-Chan sur la chaine de montagnes Tersky Alataou; 

(9) dans le Thian-Chan sur la chaine de montagnes Zailiysky Alataou; 

(10) dans le Pamir sur le glacier Fedchenko; 

(11) sur la chaine de montagnes Sountar-Khayata; 

(12) dans I’Antarctide sur la zone littorale et sur la partie intérieure du continent 


Dans les régions indiquées sous les Nos. 1, 2, 6, 7, 8, 9 et 10 des observations 
glaciologiques furent exécutées durant la 2-eme A.P.I. Les congélations sur VOural 
Polaire et sur la chaine de montagnes Sountar-Khayata sont peu étudiées et elles se 
caractérisent par des particularités spécifiques, c’est pourquoi elles présentent un 
grand intérét a étre étudiées. 

Les observations dans les Khibiny, c’est-a-dire dans une région qui se trouve 
sur le seuil d’un développement possible de congélation représente aussi un intérét 
de méme grandeur. Enfin, l’on propose d’exécuter a Zagorsk des investigations 
expérimentales et comparatives. 


Avant le commencement des investigations glaciologiques on exécuta un immense 
travail en vue d’élaborer des indications méthodiques pour tous les aspects des obser- 
vations glaciologiques. Nous avons aspiré de cette maniére a assurer la possibilité 
d’une plus grande uniformité des résultats des travaux, une telle uniformité est néces- 
saire pour une comparaison du matériel obtenu, ainsi que pour Vexécution des 
travaux a un niveau scientifique plus élevé. 

Nous supposons que le choix des régions a observer et l’exéctution de toutes 
les investigations selon un programme unique permets d’espérer que l’on obtiendra 
une grande quantité de matériel et de faits a base desquels Il’on pourra faire avancer 
d’une maniére importante nos connaissances des lois naturelles qui sont propres 
aux phénoménes de glaciologie. 

Actuellement, on exécute déja, dans toutes les régions glaciaires énumérées plus 
haut, des observations glaciologiques selon le programme de V’A.G.I. Ces obser- 
vations vont se prolonger sans interruption durant toute AV Gal: 
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Au moment présent il est certainement prématuré de parler des résultats de 
ces travaux. 

Comme on le sait, les travaux dans les Antarctiques ont commencé avant les 
observations dans d’autres régions et l’on connait déja certains résultats préalables 
ayant un intérét spécial qui porte sur les particularités de la structure du recouvrement 
glacial de l’Antarctide, sur le processus de la formuation des glaces, sur le régime 
des températures, sur la puissance des glaces, etc. J’ai fait ace propos une communi- 
cation a la Quatrigéme Conférence Antarctique a Paris. 

Je termine ainsi mon exposé concernant les inverstigations glaciologiques dans 
l'Union Soviétique. Nous avons supposé qu’une telle communication serait utile en 
tant que les glaciologues soviétiques prennent pour la premiére fois la parole dans 
l’Assemblée de l'Union Internationale de Géodésie et de Géophysique. 


G. A. Avsiuk, professeur. 
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BEITRAGE 
ZUR ERFORSCHUNG SUBGLAZIALER TALFORMEN 
UND DER IN JHNEN. LIEGENDEN ABLAGERUNGEN 


O. FOERTSCH und H. VIDAL. (*) 


ABSTRACT 


A team of the Institute for Applied Geophysics of the University of Munich 
has taken seismic refraktion measurements on several glaciers of the Austrian Alps 
in order to study the elastic behaviour of the ice, ground moraine and bedrock, to 
determine the thickness and volume of the ice and ground moraine and to explore 
the morphology of the bedrock of the glaciered valleys. 


Von jeher war die Glaziologie an der Erkundung der Gestalt des subglazialen 
Untergrundes und der Ermittlung der in Gletschern gespeicherten Eisvolumina 
interessiert. Man hat versucht, durch Bohrungen und durch den Vortrieb von Stollen 
Einblicke in die Eisyerhaltnisse zu gewinnen. Da wegen der Kostspieligkeit solcher 
Arbeiten nur wenige derartige AufschliiBe angelegt werden kénnen, hat man friih- 
zeitig nach anderen MOglichkeiten zur Ablotung von Gletschern Ausschau gehalten. 
In erster Linie ist hierbei an die Heranziehung verschiedener geophysikalischer 
AufschluBverfahren zu denken. Es hat sich dabei gezeigt, da fiir eine ausgedehnte 
raumliche Erfassung der Untergrundsverhaltnisse unter den Gletschern die Refrak- 
tions- und Reflexionsverfahren der angewandten Seismik am geeignetsten sind, 
wobei die nétigen Schallwellen durch kleine Sprengungen von einigen Kilogramm 
Sprengstoff erzeugt werden. 

Auf Anregung von Prof. R. FINsTERWALDER hat das Institut fiir angewandte 
Geophysik der Universitat Miinchen 1953 die seismische Untersuchung ostalpiner 
Gletscher in sein Arbeitsprogramm aufgenommen. Seit dieser Zeit wurden vermessen : 

1953 Teile des Gepatsch- und Kesselwandferners (Oetztaler Alpen) 

1954 Hintereisferner (Oetztaler Alpen) 

1955 Brandnerferner (Ratikon) 

1956 GroBer Gurglerferner (Oetztaler Alpen) 
Der Brandnerferner ist kein eigentlicher Gletscher sondern eher als Firn-bzw. 
Gletscherfleck zu bezeichnen. Alle anderen sind typische Talgletscher mit Firnfeld 
und ausgepragter Zunge. 

Die Durchfiihrung der Messungen wurde durch die finanzielle Unterstutzung 
der Deutschen Forschungsgemeinschaft und der Vorarlberger Illwerke erm6glicht, 
denen auch an dieser Stelle aufrichtig gedankt sei. 

Die Ausbreitung der Schallwellen im Eis und in seiner Unterlage wurde mit 
der « Geophonapparatur » des Institutes beobachtet, die im Laufe der Jahre standig 
fiir die Arbeiten auf Gletschern verbessert worden ist. Die Erschiitterungsauf- 
nehmer, Geophone, wandeln die kleinen Bewegungen, in die sie durch die ankommen- 
den Schallwellen versetzt werden, durch Druckanderungen auf Mikrophonkapseln 
in Schwankungen des Mikrophonstromes um. Diese werden an der zentralen Regi- 


(*) Anschriften der Verfasser : Dr. O. FORTSCH, Institut fiir angewandte Geophy- 
sik der Universitit, Miinchen 2, Richard Wagnerstr. 10. _ 

Dr. H. VipaL, Bayerische Landesanstal!t fiir Moorwirtschaft und Landkultur, 
Miinchen 23, Leopoldsir. 5. 
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strierstation mittels Transformatore: yon Ruhestrom getrennt und mittels kleiner 
Galvanometer auf Registrierpapier aufgezeichnet. Der Umfang der Apparatur ist 
im Laufe der Jahre von 6 auf 12 Geophone erweitert worden. Neben den von den 
Geophonen aufgeschriebenen Erschiitterungen wird weiterhin auf den Registrie- 
rungen noch der Moment der Sprengung in der iiblichen Weise durch ZerreiBen eines 
stromdurchfloBenen Drahtes bei der Detonation vermerkt. Bei den Beobachtungen 
werden die Geophone jeweiis auf MeBstrecken, Profilen, verteilt, deren Lingen 
sich nach den 6rtlichen Gegebenheiten richten. Auf den Gletschern variierten sie 
zwischen 400 und 1000 m. Am Anfang und meist auch am Ende eines jeden Profils 
sind Sprengungen abgetan worden, deren Ladungen zwischen 1 und 5 kg lagen. 
Sie wurden in Bohrléchern bis 2 m Tiefe oder auch in kleinen Vertiefungen der 
Eisoberfliche geziindet. : 

Die durch die Sprengungen erzeugten Erschiitterungen breiten sich teils als 
longitudinale und transversale Wellen im Eis aus, in nahen Entfernungen yom 
Sprengort werden sie an der Unterlage des Eises reflektiert und kommen als Echos 
zur Oberflache zuriick, teils dringen sie in den tieferen Untergrund ein, laufen an 
den Grenzflachen desselben entlang und werden dabei zur Eisoberflache zuriick- 
gestrahlt. Aus den von den Geophonen vermerkten Ankunftszeiten der verschiedenen 
Wellen 1aBt sich der Verlauf der Grenzflachen im Untergrund berechnen. Da die 
Grenzflachen im allgemeinen nicht eben sind, diirfen fiir die Berechnungen nicht 
die in der Seismik sonst gebraduchlichen, einfachen Beziehungen fiir solche Flachen 
herangezogen werden, sondern man muB aus jeder beobachteten Ankunftszeit 
individuell die entsprechenden Tiefen berechnen, wobei die Beobachtungen bei den 
Sprengungen an den Endpunkten der Profile und die Tiefenberechnungen fiir die 
Schnittpunkte zweier Profile als wichtige Kontrollen dienen. Um einen Einblick zu 
geben, wie die Profile bei einer seismischen Vermessung eines Gletschers angelegt 


werden, ist in Abb. 1 ein Plan des Gurglerferners mit den eingezeichneten Beobach- 
tungslinien wiedergegeben. 


fessungen 


ay) g lem Gurgler-Ferner 1956 
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Beobachtete Geschwindigkeitswerte. Aus den Registrierungen lassen sich als 
erstes die Ausbreitungsgeschwindigkeiten der Longitudinal- und Transversalwellen 
im Eiskérper und der Longitudinalwellen in der unter dem Eis folgenden Grund- 
morane sowie im Felsuntergrund bestimmen. 


a. Die LONGITUDINALGESCHWINDIGKEIT IM EIs. 


Die ermittelten Werte fiir diese Geschwindigkeit schwanken von Beobachtung 
zu Beobachtung sehr stark. Dies hangt nicht nur mit der sich von Ort zu Ort 4ndernden 
Konsistenz des Eises, sondern vermutlich noch mehr mit der Schichtung desselben 
zusammen, da sich auch auf dem gleichen Profil beientgegengesetzter Ausbreitungs- 
richtung der Wellen verschiedene Ausbreitungsgeschwindigkeiten ergeben. Fir den 
Hintereisferner liegen die gemessenen Werte zwischen 3500 und 3850 m/s und steigen 
vereinzelt sogar auf 4000 m/s an. Niedrigere Werte ergaben sich auf der Zunge des 
Gurglerferners. Hier streuen sie zwischen 3425 und 3600 m/s. Noch kleinere Ge- 
schwindigkeiten bis 3000 m/s herab wurden auf dem Kesselwand- und Gepaischferner 
in Héhen iiber 3100 m iiber NN beobachtet. Mitten im groBen Firngebiet des 
Gepatschferners pflanzten sich die Wellen nur mit 1600 m/s fort. Das Eis des Brand- 
nerferners besitzt eine mittlere Eisgeschwindigkeit von etwa 2900 m/s. Wenn auch 
zweifellos eine Tendenz dahin zu erkennen ist, daB die Schallgeschwindigkeit beim 
Ubergang vom Eis zum Firn auf den Ostalpengletschern abnimmt, so ist es doch 
schwer, irgendwelche GesetzmaBigkeiten zu erkennen. 


Bei der Berechnung der Machtigkeiten der Schichten des Untergrundes hat 
sich ergeben, daB eine gegenseitige Ubereinstimmung der Zahlenwerte nur dann 
zu erzielen war, wenn in die Rechnung eine einheitliche Geschwindigkeit fir das 
gesamte Eispaket eingesetzt wurde. Dies deutet darauf hin, daB die beobachteten 
Geschwindigkeitswerte nur oberflachennahen, relativ diinnen Eisschichten zugeordnet 
werden diirfen, wahrend das Eis in seiner Gesamtmichtigkeit doch eine gleich- 
bleibende mittlere Geschwindigkeit fiir Schallwellen besitzt. Allgemein wurde den 
Berechnungen der Wert 3600 m/s zugrunde gelegt, da dieser als der wahrscheinlichste 
fiir Eis der Temperatur 0° C anzusehen ist. Da dieser Mittelwert aber nicht unmittelbar 
aus den Beobachtungen abgeleitet werden kann, ist darin eine gewiBe systematische 
Unsicherheit der Machtigkeitsberechnungen fiir die verschiedenen Schichten des 
Untergrundes begriindet. 


b. Die TRANSVERSALGESCHWINDIGKEIT IM EIs. 


Fiir die Transversalgeschwindigkeiten im Eis gilt hinsichtlich der Schwankungen 
der Beobachtungswerte das gleiche wie fiir die Longitudinalgeschwindigkeiten, falls 
derartige Wellen iiberhaupt angeregt werden. Im Firngebiet des Kesselwand- und 
Gepatschferners konnten in den Registrierungen keine Transversalwellen erkannt 
werden. Das war auch auf dem Brandnerferner der Fall. Dagegen sind im Zungeneis 
des Hintereisferners und des Gurglerferners Transversalwellen mit groBer Amplitude 
aufgetreten. : 

Auf dem Hintereisferner schwanken die beobachteten Transversalgeschwindig- 
keiten zwischen 1600 und 1925 m/s, wahrend sie auf dem Gurglerferner zwischen 
1300 und 1920 m/s streuen. Als Mittelwert ergibt sich 1730 bzw. 1630 m/s. Die 
Berechnung der Poissonschen Zahl aus den Mittelwerten der Longitudinal- und 
Transversalgeschwindigkeit liefert fiir beide Gletscher den Wert 0,36, wie er sich 
auch bei fritheren Beobachtungen auf anderen Gletschern ergeben hat. 
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Hier darf vielleicht noch auf eine seismologisch interessante Erscheinung hinge- 
wiesen werden. Bei anderen Refraktionsbeobachtungen (REICH 1952) wurde fest- 
gestellt, daB der Welle im oberen Medium oder auch der Refraktionswelle in 
bestimmten zeitlichen Abstanden Wellen folgen, die sich mit der gleichen Geschwin- 
digkeit wie diese, namlich mit der Geschwindigkeit des betreffenden Mediums, 
ausbreiten. Auf dem Hintereisferner und auch auf dem Gurglerferner konnten auf 
je einem Profil solche Wellen, die ReicH (1952) reflektierte Refraktionsimpulse 
genannt hat, registriert werden, die mit der Geschwindigkeit der Transversalwelle 
im Eis dieser mehrmals nacheinander in bestimmten zeitlichen Abstanden folgen. 
Fir die Deutung dieser Erscheinung diirfte gerade das Auftreten der transversalen 
«reflektierten Wellen» von groBer Becdeutung sein. Allerdings kann heute eine 
befriedigende Erklarung dieser Wellen noch nicht gegeben werden. 


c. Dit LONGITUDINALGESCHWINDIGKEIT IN DER GRUNDMORAENE. 


Die Beobachtung der Refraktionswellen gibt uns AufschluB iiber die Beschaffen- 
heit der Unterlage des Eises. Unter groBen Teilen der untersuchten Gletscher wurden 
fiir diese Longitudinalgeschwindigkeiten zwischen 3700 und 5200 m/s mit Schwer- 
punkten zwischen 4000 und 4500 m/s beobachtet. Es zeichnen sich gewiBe Zusammen- 
hange der Geschwindigkeiten mit der Machtigkeit und der Dynamik des Eises ab. 
Man hat aber auch im Vorfeld von Gletschern unter den Obermoranen derartige 
Geschwindigkeiten gemessen. Zweifellos kénnen solche Geschwindigkeiten nur 
Grundmorane zugeordnet werden, wobei es erstaunlich ist, daB in derartigen, 
jungen Ablagerungen so hohe Werte auftreten k6nnen. Verstandlich wiirden sie 
durch die Annahme werden, daB sich die Grundmorane im gefrorenen Zustand 
befindet. Es kann jedoch auch sein, da®B die hohe Ausbreitungsgeschwindigkeit durch 
eine besonders dichte, porenvolumecnarme Sedimentation des Materials und durch 
eine durch Bewegung und Druck der Eislast verursachte Verdichtung (Dynamodiage- 
nese) bedingt wird. Nicht nur unter den Zungen des Hintereis- und Gurglerferners, 
sondern auch im Firnbereich des Kesselwand- und Gepatschferners konnte Grund- 
mordane festgestellt werden. Unter dem Gurglerferner lieB sich sogar ihre Machtigkeit 
errechnen, was beim Hintereisferner nur im Vorfeld moglich war. Die Ausbreitungs- 
geschwindigkeiten in der Obermordne sind kleiner als 3000 m/s. 


d. Dit LONGITUDINALGESCHWINDIGKEIT IM FELSUNTERGRUND. 

Auf einigen Profilen des Gepatsch- und des Hintereisferners wurden fiir die 
Unterlage des Eises Geschwindigkeiten iiber 5400 m/s gemessen. Hier steht ohne 
Zweifel unter dem Eise der gewachsene Fels an. Auf dem Gurglerferner. konnte fiir 
jedes Profil die Felsgeschwindigkeit bestimmt werden. Die Werte schwanken zwischen 
4910 und 6050 m/s. Der Mittelwert liegt bei etwa 5400 m/s. 


Die Unterlage der Gletscher und die glazialerosive Ausformung des Felsuntergrundes. 
Von den seismisch untersuchten Gletschern konnte nur am Gurglerferner der Verlauf 
der Felssohle des Taltroges ermittelt werden, wahrend beiden anderen nur die unmittel- 
bare Unterlage des Gletschers, d. h. im wesentlichen der Verlauf der Grundmorinen- 
oberflache, erfaBt werden konnte. Fiir den Brandner-, Hintereis- und Gurglerferner 
wurden fiir die Grundmoranenoberfliche, fiir den Gurglerferner auch fiir die Fels- 
oberflache H6henschichtlinienplane gezeichnet und daraus wiederum Berechnungen 
iiber das Eis- bzw. Grundmoranenvolumen angestellt und Gletschermodelle angefer- 
tigt, die eine gute Vorstellung von der Ausformung des Glestcherbettes vermitteln. 
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Das Bett des Kesselwandferners bildet im Bereich des Firnfeldes. eine flache 
und schwach reliefierte Mulde mit maximalen Eismachtigkeiten von 120 m und einer 
durchschnittlichen Eisdicke von 80 m. Mit Annaherung an den oberen Zungenbereich 
verengt sich das Gletscherbett und muldet sich stirker ein, wobei Eisdicken bis 
200 m erreicht werden. : 

Die drei auf dem Firnfeld des Gepatschferners seismisch vermessenen Profile 
zeigen ebenfalls nur geringe Reliefunterschiede des Gletscherbettes. Die maximalen 
Eisdicken erreichen hier 150 m, die durchschnittliche Tiefe liegt bei 100 m. An der 
Eisscheide zwischen Kesselwand- und Gepatschferner, am Kesselwandjoch, liegen 
noch 60 m Eis. 

Die wesentlich umfangreicheren seismischen Messungen auf dem Hintereisferner 
ergaben ein ziemlich genaues Bild von der Form des Eiskérpers und seiner Unterlage 
(Abb. 2). Die in Abb. 2 unten wiedergegebenen Querschnitte zeigen, daB das Eis 
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Abb. 2 


im Zungenbereich in einem U-formig ausgebildeten Bett liegt, welches sich mit 
Annaherung an die Firngrenze muldenformig weitet. Ferner ]aBt sich eine deutliche 
Asymmetrie des Talquerschnittes feststellen, die durch verschieden starke Erosions- 
wirkung des EBisstromes an den prall-bzw. gleithangseitigen Kurvenpartien bedingt 
ist. Das Langsprofil (Abb. 2, oben) gibt einen Einblick in die Gefallsverhaltnisse 
des Gletscherbettes im Zungenbereich. Das Sohlengefalle betragt im unteren Teil 
etwa 9%, verflacht sich dann noch etwas gletscheraufwarts, um etwa in Zungen- 
mitte eine Schwelle — vermutlich Abzeichnung einer Trogschwelle im Felsuntergrund 
zu iiberschreiten, dann riicklaufig zu werden und 600 m gletscheraufwarts einen 
neuen Tiefpunkt zu erreichen. Dieser zeichnet vermutlich das Zentrum eines 
Trogbeckens im Felsuntergrund ab, das hier im Brennpunkt glazialer Erosions- 
wirkung liegt. Der aus dem Firnfeld steil herabkommende Eisstrom trifft auf eine 
Flachstrecke. Gleichzeitig erfahrt er hier einen Massenzuwachs durch den tiber 
einen steilen Eisbruch einmiindenden Nebengletscher, den Laugtauferer-Joch-Ferner, 
wodurch die Erosion noch verstarkt wird. Wir haben es also mit einem sog. Miindungs- 
becken (R. v. KLEBELSBERG 1948) zu tun. Von hier aus steigt dann die Gletscher- 
sohle mit einer gleichmaBigen Steigung von 15 bis 20% zum Firnbereich an. Die 
Eismachtigkeiten schwanken zwischen 130 und 290 m. 

Dagegen sind die Eisdicken des Brandnerferners sehr klein. Sie erreichen nur 
20 bis 25 m. 
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Am Gurglerferner (Abb. 1) war es den Verfassern durch das Zusammentreffen 
mehrerer giinstiger Umstiande, namlich relativ geringe Eis- und Grundmoranen- 
machtigkeiten und lange Beobachtungsprofile, gelungen, die Grenzflichen Eis- 
Grundmoradne bzw. Grundmoréine-Felsuntergrund getrennt ermitteln zu k6nnen. 
Dadurch wurde es méglich, ein detailliertes Bild von den Volumenverhiltnissen der 
Eis- bzw. Grundmordanenfiillung des Gletschertroges und seiner Morphologie zu 
entwerfen. Die Langs- und Querschnitte der Abb. 3 veranschaulichen die seismischen 
MeBergebnisse. 
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Seismische Messungen auf dem Gurgler- Ferner 1956 
Abb. 3 


Der Gurglerferner wird im Firngebiet durch den Mitterkamm (Abb. 1) in zwei 
Eisstréme geteilt. Die seismischen Untersuchungen erstreckten sich nur bis zur unteren 
Grenze des Firns, bis zur Héhenschichtlinie 3000 m tiber NN. Wegen der starken 
Absorption elastischer Wellen durch den Firn kénnen sich in ihm solche Wellen nicht 
ausbreiten. Bereits in diesen Hohen ist unter dem Gletscher Grundsmoriine in beacht- 
licher Dicke vorhanden. Das Bett des schwacheren, 6stlichen Eisstromes, Profil 
XV und XVII, verlauft annihernd parallel zur Eisoberflaiche. Im Felsuntergrund 
ist bei Sprengpunkt 25 eine kleine Stufe vorhanden. Ungefahr in gleicher Héhe 
ist beim westlichen Eisstrom bei Sprengpunkt 18 (Profil XIII, X, IX und III) eine 
Schwelle aus dem Felsuntergrund herausgearbeitet worden. Das Trogbecken oberhalb 
und das FuBbecken unterhalb der Schwelle ist deutlich ausgepragt. In abgeschwichter 
Form ist das Relief auch in der Oberfliche der Grundmorine und in etwa auch im 
Verlauf der Eisoberflache zu erkennen. Beachtlich ist die groBe Machtigkeit der 
Grundmorane in den beiden Becken. 

In der Mitte der Zunge des Gurglerferners wiederholt sich dieselbe Konfiguration 
im vergr6Berten MaBstab von Sprengpunkt 17 bis Sprengpunkt 5 nochmals. Mit 
den Parallelprofilen VII und V ist die Schwelle in noch markanterer Weise erfaBt 
worden. Hier ist der Felsriegel so hoch, da8B er die ganze Grundmorine durchdringt, 
die ober-und unterhalb desselben unwahrscheinlich stark ausgebildet ist. Die Profile 
IV und II vermitteln uns Querschnitte durch das Tal des Gurglerferners unterhalb 
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der groBen Schwelle. Unmittelbar unterhalb derselben (Profil IV) ist eine starke 
Asymmetrie vorhanden. Der tiefe Einschnitt in die Grundmorane darf wohl auf die 
Erosion des unterirdisch abfliessenden Schmelzwassers zuriickgefiihrt werden. Das 
Zungenende des Gletschers liegt heute in einer schmalen Klamm. Auf kurze Er- 
streckung fallt das Eis 200 mtief zum Gletschertor hinab. Dieseismischen Messungen 
endeten am Beginn des Steilabbruches. 

Die geschilderten Ergebnisse der seismischen Untersuchungen geben einen 
guten Einblick in die Morphologie des Gletscherbettes und des Felsuntergrundes 
und vermitteln wichtige Erkenntnisse tiber die Dynamik des Eises. Im Gegensatz 
zum Wasser grabt sich Eis vor einem Hindernis in sein Bett ein und arbeitet so ein 
Trogbecken heraus. Beim HerabflieBen iiber eine subglaziale Felsschwelle (Riegel) 
erhoht sich die FlieBgeschwindigkeit des Eises. Beim Ubergang in ein flacheres 
Sohlengefalle tritt eine Kraftkomponente in Aktion, die im Untergrund ein zweites 
Becken, das sog. FuBbecken, anlegt. Die beobachteten starken Ubertiefungen vor 
und hinter den Riegeln vermitteln uns einen MaBstab fiir die Betrage, die die Glazial- 
erosion erreichen kann (R. v. KLEBELSBERG 1948/I,S.362). 

Es wurde schon erwahnt, da® unter dem Eis eine erstaunlich machtige Grund- 
moraine vorgefunden wurde, und da8 sich in ihrer Oberflache in abgeschwachtem 
MaBe das Relief des Felsuntergrundes wiederspiegelt. Dies laBt darauf schlieBen, 
daB sie nicht gleichmaBig abgelagert wird, sondern nach einer anderen, durch die 
Dynamik des Gletschereises festgelegten GesetzmaBigkeit. Das Vorhandensein der 
Felsschwellen beweist, da&B der Felsuntergrund des Gurglerferners sicher durch 
Fis tiberformt worden ist. Dies mu zu einer Zeit geschehen sein, als im Gurglertal 
mehr Bis lag als heute. Die Ausbildung der Grundmorine deutet weiter darauf hin, 
daB mit ab- oder zunehmender Eismichtigkeit das Gletscherbett den neuen dyna- 
mischen Verhaltnissen nicht mehr angepaSt ist. Der Gletscher ist bestrebt sich eine 
bessere Anpassung zu schaffen. Bei einem Riickzug des Eises wird an seiner Unter- 
kante Grundmorane sedimentiert. Im Falle eines VorstoBes schiebt das Eis eine 
entsprechende Schicht Grundmorane vor seinem Zungenende her und tiirmt sie 
dort als Endmoranenwall (Stauchmorane) auf. Zu der Ab- bzw. Zunahme eines 
Gletschers, die man durch ein Absinken bzw. Anheben seiner Oberflache feststellen 
kann, kommt noch die, die durch das entsprechende Anheben bzw. Absinken der 
Risunterkante bedingt ist. Die Grundmorane ist wahrscheinlich wesentlich starker 
in die Dynamik der Gletscher miteinbezogen, als man das bisher vermutet hat. 
Erwahnt sei in diesem Zusammenhang noch, da8 auch unter dem Eispanzer Gron- 
lands Grundmordne mit einer Ausbreitungsgeschwindigkeit von 4800 m/s festgestellt 
worden ist (JOSET, HOLTZSCHERER 1953 und HoLTzsCHERER 1954). 

Am ZusammenfiuB der beiden Eisstr6me unterhalb des Mitterkammes bildet 
sich wie tiblich eine Mittelmorane aus. Die seismischen Ergebnisse bestatigen die 
aus anderen Beobachtungen (R. Vv. KLEBELSBERG 1948) abgeleitete Feststellung, 
daB der wesentliche Bestandteil einer Mittelmorine ein subglazialer Moranenwall 
ist. Die seismischen Messungen. bestatigen weiterhin, dal sich dieser Wall gletscher- 
abwirts mehr und mehr verflacht. Auf dem Gurglerferner endet der Wall an der 
groBen Schwelle im mittleren Teil des Gletschers. Da wo er auftrifft, wird vom Eis 
mehr Moranenmaterial tiber den Riegel geschleppt und unterhalb auf einem Schutt- 
kegel abgelagert, der sich nicht als Wall fortsetzt. Vom Schuttkegel ist an der 
Kisoberfliche nichts zu erkennen. Kin Teil des mitgefiihrten Materials tritt an dieser 
Stelle durch die relativ diinne Bisdecke auf Scherflachen an die Oberflache und wird 
als « Scheinmittelmorane » gletscherabwarts transportiert. 


Die Eis- und Grundmordnenvolumina der Gletscher. Wie schon erwahnt, gestatten 
die seismisch bestimmten Eis- und Grundmoranenmachtigkeiten auch eine Volumcn- 
berechnung dieser K6rper. In der Tabelle sind die Volumina fir die seismisch unter- 
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suchten Teile der Gletscher zusammengestellt. In den Spalten « Gesamtvolumen » 
sind zu den vorstehenden Werten noch die geschatzten Volumen der nicht vermessenen 
Gebdiete addiert. 


TABELLE 
eee 
Berechnetes Volumen Gesamtvolumen 
Gletscher Eis entsprechende Eis entsprechende 
Wassermenge Wassermenge 
Kesselwandferner 0}2) skims 0,18 km? 0,3: km? 0,27 km? 
Hintereisferner 0,44 km? 0,40 km? 0,84 km? 0,68 km? 
Brandnerferner 0,027 km? 0,022 km3 0,027 km? 0,022 km? 
Gurglerferner 0,24 km? 0,21 km 0,32 km? 0,26 km? 
Grundmoranenvolumen 
Gurglerferner 0,40 km? 0,47 km? 


re 


Im Literaturverzeichnis sind auch die Ver6ffentlichungen der Verfasser aufge- 
fiihrt, in denen tiber die oben referierten Arbeiten eingehender berichtet wird. 


SUMMARY 


A team of the Institute for Applied Geophysics of the University of Munich 
has taken seismic refraction measurements on several glaciers of the Austrian 
Alps in order to study the elastic behaviour of the ice, ground moraine and bedrock, 
to determine the thickness and volume of the ice and ground moraine and to explore 
the morphology of the bedrock of the glaciered valleys. For this purpose measurements: 
were taken along transverse and longitudinal sections. 

Longitudinal velocities in the ice were found to vary from 3500 to 3850 m/s on 
the tongue of the Hinteveisferner, from 3425 to 3600 m/s on the tongue of the Gurgler- 
ferner, from 1600 to 3000 m/s on the snow-fields of the Gepatschferner and Kessel- 
wandferner and with 2900 m/s on the snowfield of the Brandnerferner. 

The transverse velocities differ between 1600 and 1925 m/s on th® Hintereisferner 
and 1300 to 1920 m/s on the Gurglerferner with a mean value of 1730 and 1630 m/s 
respectively. The Poisson number is 0.36. 

The true longitudinal velocities in the ground moraine under the glaciers vary 
between 3700 and 5200 m/s, whereas in superglacial moraines they lie under 3000 m/s. 
The petrographic nature of the subglacial ground moraine with these extremely 
high velocities is still unexplained. 

The true /ongitudinal velocities in the bedrock range from 5400 to 6000 m/s, 
with a mean value of 5700 m/s. 

The seismologically determined ice thickness differs between 50 and 150 m on 
the snowfields and 130 and 290 m on the tongues of the glaciers. The total ice and 
snow mass of the Kesselwandferner amounts to 0.3, that of the Hintereisferner to 
0.8, that of the Brandnerferner to 0.027 and that of the Gurglerferner to 0.3 km’. 
On the Gurglerferner furthermore it was possible to compute the ground moraine 


volume of the surveyed area to 0.40 km® and to estimate their total mass to 0.45 
to 0.50 km?. 
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Contour-line maps could be drawn for the surface of the ground moraine and 
on the Gurglerferner in addition for the bedrock of the valley. They show that the 
bedrock has several basins and stairs, the morphology of which is marked on the 
surface of the ground moraine as well as on that of the glacier. At the top of the 
stairs there is no or little ground moraine. In the front of and behind the steps ground 
moraine is deposited in great thickness. The superglacial medial moraine is developed 
as a wall in the subglacial ground moraine, but only above the high stair. 
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EFFECT OF HYDROSTATIC PRESSURE ON VELOCITY OF 
SHEAR DEFORMATIOH OF SINGLE CRYSTALS OF ICE 


(Dr.) GEORGE P. RIGSBY 


SUMMARY 


Apparatus was built for deforming ice crystals under hydrostatic pressures up 
to 350 atmospheres. Single crystals were placed in the mounts in such a way that the 
deformation occurred by gliding on the basal glide plane. It was found that the 
Shear strain rate increased as the pressure was increased at constant temperature, 
but that the rate is practically independent of hydrostatic pressure when the diffe- 
rence between the ice temperature and the melting point is kept constant. 


562 


TOME IV 


TABLE DES MATIERES — CONTENT 


NEIGES ET GLACES 


Report of Proceedings 2 dea a 

G. FALKONER, W.H. Mee Ni K. Pres Aaa TT. soe — Glacial 
Map of Canada : 

L.W. Go_p. — Influence of Snow over. on Heat Flow, fom the: Ground 

A. HiGAsHI. — Snow Survey in Hokkaido, Japan 

G. MANLEY. — Studies on the Frequency of Snowfall in Byemad 1668- 1956 
and the Relation with Glacier Behaviour 

J.A. BENDER. — Air Permeability of Snow 

M.A. BILeLLo. — A survey of Arctic Snow- Cover properticn as Geted me 

Climatic Conditions ‘ 
J.A.S. MILNe. — Snow surveying by Oularic Aydto , 
J.G. Potter. — Mean Duration and Accumulation of Snow Coren in jindas 


J. MArRTINEC. — Measurement of the Snow-Water Content with the use of 
Radio Cobalt 

J.E. CuurcuH. — Forecasting Phe eee Runoff of the Rive: Binnie 

G.E. Cuurcu. — Id. The Neckar Basin 

M. Levi. — Comment on mesure la Neige en iat 


DosTovALov. — Underground Fibrous Ice : 
G.F. WILLIAMS.— Variability of Physical Gharacteuatice of Snow Corer across 


Canada . : 

G.K. SULAKVELIDZE. — Physical properties of the Sen CR 

M. Keri et P. SALAMIN. — Le changement de la densité de la Neige en Hongee 

V.V. RAKHMANOv. — Forest-Cover effects on Snowpack accumulation and Snow 
Melting in Relation to Meteorological Conditions 

P.L. MERCANTON. — Un demi-siécle d’observations a |’Echelle tKbareuigue 
de l’Eiger 


R. DE QUERVAIN. — On Mierera erent aa Hardens of ve fade: Gone 
Pressure and Temperature Gradient ‘ 

W.W. PiorrowitscH. — Die Berechnung der Pistandtermine ead Tesmine dep 
Reinigung der Stauseen vom Eis . 


S. Henin. — Etude sur le Gel du Sol 

M. SUNDBERG-FALKENMARK. — Studies on ace lee Aoveron ; 

D.C. Pearce. — Ground Temperature Studies at Saskatoon and Ottawa- Canada 

L. Lurpoutry, O. GONZALEZ et J. SIMKEN. ~- Les glaciers du Désert Chilien 

O. Scuimpr. — Der Eishaushalt am Hintereisferner in den Jahren 1952/53 und 
1953/54 : 

M. VANNI. — L’activité du Comite Glaciotogique et Pics Vaninione ac Glaciers 
italiensen 1956 . 

P. PEéGuy. — Mesures d’ Melation au rofearall i 

W. HorrMaNNn.— The advance of the Nisqually Glacier Heaven 1952 and 1956 

M. Bouverot. — Notice sur les variations des Glaciers du Mt. Blanc 

E.P. Cottier. — Glacier Variation and Trends in Run-off in the Canadian 
Cordillera 


P.L. MERCANTON.— Ranport sur (es sandiions ae foniens des isiaciens pioneers 
de 1953 a 1956 


J.D. Ives. — Glaciation of the Torngat Mountains 

R. DE QuERVAIN. — Ayalanche Classification 

R. DE QUERVAIN. — Snow Classification RADE OEE Pay Sega NTN 
P.F. SHvetsov. — Geocryology and its main problems in the U.S.S.R. 
Cambridge Austerdalébre Expedition. — Glaciological Studies 


M. DiAMonpD and R.W. GerpeL. — Radiation Measurements on the Green- 
land Ice Cap. 0 LE, ce aS Be ee SIO a a St 

W.H. MATHEws. — Vertical Distribution of Velocity in Salmon Glacier 

W. PILLEwizeR. — Neue Erkentnisse tiber die Blockbewegung der Gletscher 

MAYNARD M. MILLER. — Phenomena associated with the Deformation of a 
Glacier Borehole + Lent PONS Nal Se RG Seni Praeger a ae ae 

P.A. SHUMSKY. — The main problems of modern Glaciology in the light of 
investigations by Soviet Scientists ee RRR ati er ye ilbe Celine 

G. LinpiG. — Feinbewegungsmessungen an einigen Ostalpen-Gletschern 

J. LANDAUER. — On the Deformation of Excavations in the Greenland Névé 

R. HAEFELI. — Druck- und Verformungmessungen in Eisstollen 

M.F. Meier. — The Mechanics of Crevasse Formation Edt Ae Bae 

B. BRocKAmMp. — Reflektionsseismische Wiederholungsmessungen auf dem 
Pasterzegletscher en ari tt Reem Aa Mer Y Myr Acta tga ntememl tens Neto ys 1 Yl 

M. Dunbar. — Curious Open Water Feature in the Ice at the Head of Cam- 
bridge Fjord WG join te Reet Dead YR ry Che A aire a ent aren aa 

A. JOHNSON. — Investigations on Grinnell and Sperry Glaciers 

G.A. Avsiuk. — Les investigations Glaciologiques en U.R.S.S. } 

O. FortscH und H. H. VipaL. — Beitrage zur Erforschung Subglazialer Tal- 
formen 

(32.934) Imprimerie Ceuterick, s. c., 66, rue Vital Decoster, Louvain 


Resp. L. Pitsi, 25, rue Dagobert, Louvain (Belgique) 


372 
387 
393 
394 
397 


403 
427 
429 


437 


433 
455 
475 
492 


5800 


509 
514 
525 
535 


553 


PRINTED IN BELGIUM 


Fab abe 


; 
v4 


